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Chapter 1 
Controlled Rotary Motion at the 
Molecular Level 
 
 
 
 
 
Achieving controlled mechanical motion at the molecular level, key to many 
processes in Nature, is an endeavor of great contemporary interest. In this 
introductory chapter, a literature overview is given of the development of synthetic 
systems in which molecular rotary motion can be controlled. Initially advancing 
via the development of molecular rotors, eventually a number of artificial rotary 
molecular motors, which are able to convert energy into controlled and directional 
rotary motion, have been created. The design and mode of action of the light-driven 
unidirectional rotary motors based on sterically overcrowded alkenes, the main 
subject of this thesis, will be discussed in more detail at the end of the chapter.* 
 
 
 
 
 
 
 
 
* Part of this chapter will be published: W. R. Browne, D. Pijper, M. M. Pollard, B. 
L. Feringa, Synthetic Molecular Machines Based on Non-Interlocked Systems – from 
Concept to Applications, book chapter on the occasion of the 24th Solvay Conference, 
Brussels (Belgium), 2007.  
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1.1   Introduction 
Extensive research in molecular biology has led to the realization that the living 
cell can be viewed as a miniature factory, containing a large collection of protein 
machinery that can perform crucial but complex tasks, for instance intracellular 
transport, cell translocation, proton and ion pumping and ATP synthesis.1 A 
particularly interesting class of these protein systems can be described as 
molecular motors: catalytic systems that consume chemical energy to produce a 
directed motion.2 Much like in macroscopic machines we all know from modern 
daily life, these miniature motors perform work and are crucial components of the 
molecular assemblies, as they generate the forces and motion required for many 
biological processes to function properly. 
In the rapidly expanding field of nanotechnology, scientists attempt to employ 
these complex biological machines outside the cell to perform tasks for our 
benefit.3 A key disadvantage of their application ex vivo arises from their enormous 
complexity and inherent instability outside their natural environment. Therefore, 
artificial nano-scale devices that mimic these biological systems, which are much 
simpler in design and tolerate a broader range of operating conditions, are 
desirable.4 Whereas in physics emphasis lies on miniaturization of existing devices, 
referred to as the “top-down” approach, organic chemists try to build up 
completely synthetic systems “from scratch”, working at the molecular level and 
starting from small building blocks, commonly referred to as the “bottom-up” 
approach. 
In recent years, a variety of synthetic molecular machinery has been developed, 
allowing controlled movement on the molecular scale which includes both 
translational and rotational motion.5 Before surveying the various approaches 
taken towards the development of artificial molecular rotary motors, a clear 
definition of the term “rotary motor” needs to be given. The Oxford Dictionary of 
English6 defines the term motor as “a thing that imparts motion”. However, a more 
utilitarian definition of a motor is a device that converts a kind of energy, for 
instance in the form of chemical energy or light, into kinetic energy in a controlled 
way.4 In case of a rotary motor this means to convert fuel into a controlled and 
unidirectional rotary movement.  
Although direct analogies between molecular motors and their macromolecular 
counterparts are often made in order to explain their mode of action, it is 
important to realize that these have to be made with caution. In particular, the 
forces that control movement of macroscopic objects, e.g. gravity, have little 
relevance to movement at nano-dimensions. The random and thermally driven  
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movement called Brownian motion, which causes all components to move, vibrate 
and rotate incessantly and randomly at temperatures above 0 K,7 is the dominant 
factor at the molecular level.8  Therefore, the major challenge in designing 
molecular rotary motors does not lie in achieving motion, but in controlling their 
operation, especially their directionality.5,9 In order to control movement in this 
turbulent environment, Brownian motion must be either exploited,10 or overcome.  
In this chapter, the two examples of rotary molecular motors provided to us by 
Nature, ATPase and the bacterial flagellar motor, will be addressed first, because 
they serve as a major source of inspiration in the development of artificial systems. 
In the following overview, the development of synthetic rotor systems11 is 
discussed, starting from systems in which only molecular rotary motion of 
different parts of the molecule is coupled,12 followed by several artificial rotary 
molecular motors, in which there is also control over the direction of rotation and 
which are powered by an external energy input.13 The design and mode of action 
of the light-driven unidirectional rotary motors based on sterically overcrowded 
alkenes,14 which will be the main subject of this thesis, will be highlighted in more 
detail. Finally, initial attempts to bring the systems from operating in solution to a 
more confined environment, such as a surface or a liquid crystalline film, will be 
discussed.  
1.2   Inspiration from Nature 
The protein-based molecular motors found in the living cell, formed during the 
millions of years of the evolutionary process, are among the most fascinating and 
complex structures found in Nature. Their function is crucial to many biological 
processes, for instance translational movement of motors such as kinesin and 
dynein along microtubules is responsible for transport of cargo in the cell,15 and 
muscle contraction is caused by the sliding of myosin units along actin filaments.16 
FOF1-ATPase and the bacterial flagellar motor constitute the two benchmark rotary 
motors found in Nature, and some pertinent features determining their mode of 
operation will be briefly discussed in the following part, as they are a major source 
of inspiration for the development of synthetic rotary motors. 
1.2.1   FOF1-ATPase 
The rotary engine FOF1- A T P  s y n t h a s e ,  u s e d  i n  b o t h  e u k a r y o t i c  a n d  p r o k a r y o t i c  
cells to synthesize the universal fuel molecule adenosine triphosphate (ATP) by 
converting the energy stored in a transmembrane proton gradient, consists of two 
major subunits: designated FO and F1 (Figure 1.1a).17 F 0 is a proton pump 
embedded in a membrane. The transport of protons through this fragment, driven 
by an electrochemical gradient across the membrane, drives the rotation of a  
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central stalk connecting the F0 and F1 units. This induces conformational changes of 
the F1 part, which drives the catalytic formation of ATP from adenosine 
diphosphate (ADP) and inorganic phosphate (Pi). At sufficient concentrations of 
ATP, the hydrolysis of 390 molecules of ATP per second generates a rotational rate 
of 130 revolutions per second.18 Remarkably, the whole process can also work in 
reverse: upon addition of ATP and removal of ADP and Pi, ATP will be 
hydrolyzed leading to proton pumping and rotation in the opposite direction. In 
one striking example where these biomotors were used outside of the cell, a 1-3 µm 
long fluorescent actin filament was connected to the FO subunit of ATPase.19 The 
device was attached to a surface via histidine tags introduced in the F1 part (Figure 
1.1b). Addition of ATP caused rotation of the propeller, visualized by the actin 
filament through fluorescence microscopy. Notably, this actin filament is two 
orders of magnitude larger than the nm sized motor driving its movement! Taking 
into account the hydrodynamic friction against the moving actin filament, a torque 
of ~44 pN nm was determined. 
 
Figure 1.1 a) Schematic illustration of the membrane embedded FOF1-ATP synthase motor, 
and b) surface immobilized F1-ATPase with a fluorescent actin filament connected to the 
stalk, used to observe the rotation with a fluorescence microscope. Adapted with permission 
from reference [17a]. Copyright 2001 Macmillan Publishers Ltd. 
1.2.2   The Bacterial Flagellar Motor 
Several bacteria, such as Escherichia coli, are equipped with long rotating flagella on 
the outside of their outer cell membrane, which allows them to “swim” through 
solution and actively seek for better living conditions. These flagella are stiff and 
long (10-15 µm) protein filaments. Their rotation is driven by one of the most 
complex protein systems known. The rotary bacterial flagellar motor is assembled 
from more than 20 protein units and is embedded in the bacteria’s cell membrane, 
where an inward proton flux is converted by several torque-generating stators into 
a) b)  
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a rotary motion of the cylindrical rings and central shaft20 (Figure 1.2). The system 
is amazingly powerful: it can generate torques of more than 103 pN nm, needed to 
drive the relatively enormous flagella through solution, and can reach rotary 
speeds of over 100 Hz.21 The system is, however, very sensitive to its environment 
and disassembles readily into its individual protein units when removed from the 
cell membrane. It is therefore very hard to study - its exact operating mechanism is 
still for a large part unknown - and obviously also less suitable for use in any 
nanotechnological device. 
      
Figure 1.2 a) Schematic representation of the bacterial flagellar motor. Adapted with 
permission from reference [3b]. Copyright 2005 American Chemical Society. b) 
Representation of the rotary motion of the cylindrical rings and central shaft, driven by an 
inward flux of protons (inset shows an electron microscopy picture of the motor). 
Reproduced with permission from reference [3c]. Copyright 2007 AAAS. 
Whereas linear-motion motors like myosin and kinesin have been applied in 
numerous extracellular devices, for instance generating the movement of 
microtubule shuttles over a surface with motor proteins adsorbed to it,22 apart 
from the surface immobilized F1-ATPase studies mentioned earlier only little 
examples of such systems employing the biological rotary motors are known.23 The 
membrane embedded and multicomponent rotary systems are too complex, not 
very robust and therefore not readily available. 
1.3   Artificial Molecular Rotors 
Inspired by these impressive examples set by Nature, in the past decades 
researchers have tried to develop molecules in which rotary motion can be 
controlled, out of the random thermal Brownian motion. In this section, an 
overview of this development is given, starting with primitive systems in which 
rotary motion of two parts of a molecule or complex is sterically interlocked, 
leading to geared motion. Subsequently, several examples are given of systems 
where motion can be controlled by an external input, leading, for instance, to a 
a) b)  
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molecular brake, scissors and gearbox. It should be emphasized that in these 
systems no control on the direction of rotation is exerted however, a feature that is 
reserved for the motor systems discussed in the next section. Finally also systems 
are discussed where, instead of the rotation achieved relative to other parts of the 
molecule or relative to the random movement of the molecules in solution, 
absolute rotation with respect to a crystal lattice or a surface is achieved. 
1.3.1   Correlated Rotation through Nonbonded Interactions 
In the beginning of the 20th century chemists discovered that, next to molecules 
bearing a stereocenter, also biphenylic systems exhibit chirality (1 was the first 
biphenyl compound of which resolution of the enantiomers was established24). 
This is only possible when they adopt a twisted conformation and if rotation 
around the central bond is hindered (Figure 1.3a). This ability of compounds to 
possess chirality due to restricted rotation is called atropisomerism25 (from Greek: 
tropos meaning turn or rotate). In the mid-sixties, the advent of NMR spectroscopy 
allowed the observation that triphenylcarbonium ions (2) adopt a propeller 
conformation, and to view the hindered rotation in these gear-like systems, soon 
leading to the discovery that rotation of one part of the molecule could induce 
rotation of other parts in a correlated fashion (Figure 1.3b).26 In the following 
decade, numerous studies using dynamic NMR on this so-called “cog-wheel” 
effect in these and related systems (3-5) were carried out.27 
 
      
Figure 1.3 a) Atropisomerism (chirality due to restricted rotation) with biphenyls and 
dinitrosubstituted diphenic acid 1 (first biphenyl ever separated into its enantiomers), b) 
triarylcarbonium ions 2 adopting a propeller conformation and the concerted rotation 
encountered in “cogwheel-like” systems 3-5, c) triptycene based molecular gears 6 and 7. 
a) 
b) c)  
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The first examples of truly geared rotation were ditriptycyl systems, consisting of 
two three-toothed gears, as in 6 and 7 (Figure 1.3c).12 With all previously described 
systems, energy barriers were low enough to allow “slippage” of the gears to a 
certain extent, but the intermeshing of the phenyl rings on the two triptycenes 
results in little or no slippage even at elevated temperatures. 
Closely related to this work is the first rationally designed molecular turnstile, in 
which a substituted p-diethynylbenzene group is attached to the interior of a 
phenylethynyl macrocyclic framework (Figure 1.4).28 The rotation of the internal 
phenylene group was studied as a function of the size of its substituents R using 
dynamic NMR. When a substituent is absent as in 8, rotation is too fast to be 
measurable by NMR, even at very low temperatures. Introduction of a small 
substituent as in 9 allowed the measurement of the average rotation speed by 
NMR at low temperatures. Rotation is slowed down due to the steric interactions 
between the substituent and the macrocyclic framework: a barrier of 56.0 kJ mol-1 
was measured, by which a rotation rate at room temperature of approximately 320 
rotations per second can be determined. In the case of compound 10, no rotation 
was measured, even at elevated temperatures. The sterically bulky aromatic 
substituent causes the compound to be conformationally locked. 
 
Figure 1.4 Molecular turnstile. 
1.3.2   Rotary Motion Controlled by an External Input 
In order to be able to exert any influence to the speed of rotary movement on the 
molecular level, molecular brake 11, containing a triptycene and a bipyridyl unit, 
was developed. The rotary movement around the central ethynyl axle can be  
 
 
8 
 
 
 
 
   Chapter1.doc 
Chapter 1 
 
controlled using a molecular recognition event (Scheme 1.1).29 Initially, in 11a 
unhindered rotation of the triptycene relative to the bipyridyl is possible. 
However, when Hg2+ is added to the system, complexation locks the bipyridyl unit 
as in 11b and attains a planar conformation, effectively halting the rotation of the 
triptycene in an action resembles that of putting a stick between the spokes of a 
wheel. A similar “braking effect” was achieved using a N-arylindolinone, where 
oxidation of a thiol side chain lead to increased barriers to rotation around the N-
aryl bond.30 
 
Scheme 1.1 Molecular brake 11 induced by metal-ion binding. 
Alternatively, an attempt was made in our group to develop a molecular brake 
controlled by light.31 Its design is based on a chiroptical molecular switch, 
substituted with a dimethylphenyl moiety in the lower half (Figure 1.5a). The 
speed of rotation around the arene-arene single bond (indicated with the arrow) 
was expected to be different for the two geometrical isomers (cis and trans) of 
molecular switch 12. Counterintuitive from the two-dimensional representations 
depicted in Figure 1.5a, the rate of rotation was actually found to be faster in the cis 
isomer, for which a rotation barrier of 79.4 kJ mol-1 was determined, than in the 
trans isomer, with a barrier of 82.3 kJ mol-1. Apparently the naphthalene unit is 
flexible enough to bend away from the phenyl rotor, while the methylene protons 
on the other side of the upper half are rigidly held in positions where they present 
a significantly steric barrier as seen in (M)-trans-12. 
This concept was revisited recently using a second-generation light-driven motor 
(discussed in more detail in Section 1.4.5) as the switching unit (Figure 1.5b).32 The 
rate of rotation around the arene-arene single bond was measured for the 
individual diastereoisomers of the motor in the rotary cycle transstable (shown in 
Figure 1.5b), cisunstable, cisstable and transunstable. Similar to what was found in the case 
of switch molecule 12, the barrier was higher in the cis isomer than in the trans 
isomer. Furthermore, for both geometrical isomers the barrier was found to be 
higher in the unstable isomer than in the stable isomer. This i s  c a u s e d  b y  t h e  
increased steric hindrance enforced onto the o-xylyl moiety by the upper-half of the 
motor molecule in the unstable isomers, for instance by the methyl substituent  
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adopting a pseudo-equatorial orientation in the unstable trans isomer of 13. As the 
system can be switched between four states with a different rate of rotation of the 
o-xylyl rotor, 13 was qualified as a molecular gearbox. 
 
 
Figure 1.5 a) Variation of the kinetic barrier to rotation around an aryl-aryl bond by 
isomerization of the double bond in overcrowded alkene 12 and b) molecular gearbox 13, in 
which this barrier is different in each of the four possible diastereoisomers. 
1.3.3   Metal Complexes 
Another well-studied type of molecular rotation is involved with so-called double 
decker metal complexes, systems also often referred to as sandwich complexes or 
molecular carousels. Metallocenes such as ferrocene are probably the simplest form 
of such a complex.33 The rotation of the cyclopentadienyl rings around the iron 
“axle” in ferrocene (Figure 1.6) has been the subject of many studies (at 68 K, a 
barrier to rotation of 9.6 kJ mol-1 was determined).34  
 
Figure 1.6 Ferrocene and substituted ferrocenes 15 and 16. 
The introduction of bulky groups onto the aromatic rings in order to increase the 
barrier to rotation (the introduction of two tert-butyl groups on each ring as in 15 
increased the rotational barrier to 54.7 kJ mol-1).35 The concerted rotary movement 
of multiple substituents on the metallocene have also been extensively studied, for 
a) 
b)  
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instance the cogwheeling rotation of the phenyl substituents in 
bis(tetraphenylcyclopentadienyl)iron(II) 16.36 Interestingly, the barrier to rotation 
around the metal axle was found to be much lower than expected for such systems: 
a barrier to phenyl group rotation in 16 of only 37.6 kJ mol-1, and an almost 
barrierless rotation around the cyclopentadienyl was determined at -95°C. Even 
with the very crowded ruthenium sandwich complex 17 (Figure 1.7a), which was 
called an organometallic molecular turnstile, consisting of a pentakis(p-
bromophenyl)cyclopentadiene deck and a deck consisting of a 
hydrotris(indazolyl)-borate group, a  rotational barrier of the cyclopentadienyl 
ligand of less than 41.8 kJ mol -1 was determined.37 Because of the nice fit of the 
indazolyl groups into the pockets created by the phenyl substituents on the 
opposite deck, as evidenced by NMR, in was proposed that the phenyls twist out 
of their perpendicular arrangement to allow the indazolyl rings to pass, 
corresponding to a geared rotation mechanism. 
    
Figure 1.7 a) Organometallic molecular turnstile 17, in which the rotation about the 
ruthenium axle and the rotation of the phenyl substituents are coupled and b) 
cerium(IV)bis(porphyrinato) complex 18 bearing pyridine substituents, of which the 
rotation of the two porphirines about the metal axle can be locked or accelerated by the 
addition of dicarboxylic acid substates or silver ions, respectively. 
The rotation involved with double decker complexes based on porphyrin ligands 
with both cerium and zirconium metal ions has been shown to be much slower 
than that involved with smaller metalocenes, and with several systems even could 
not be observed at elevated temperatures.38 The rate of rotation again was shown 
to depend on the steric bulk of the substituents and the size of the central metal 
atom, and it was shown to be accelerated by the addition of acid.39 Later it was 
shown that also the redox state of the metal center, as well as the porphyrin 
ligands, has a great influence.40 The rotation of cerium(IV)-porphyrin-complex 18 
bearing pyridine substituents (Figure 1.7b) could be locked by the addition of 
dicarboxylic acids that bind two pyridines on opposite porphyrine decks.41 The 
binding of subsequent dicarboxylic acids was shown to be favored compared to 
the binding of the first substrate, as the entropic price, the loss of rotary movement 
a) b)  
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of the porphyrines, has been paid already: the (loss of) supramolecular rotation 
leads to a positive allosteric effect. With a complex analogous to 18, however 
bearing p-methoxyphenyl substituents, the binding of silver ions to the concave π–
clefts (three Ag+ ions per cerium double decker) actually increased the rate of 
rotation.42 The silver ion binding was proposed to induce conformational changes 
in the system that removes interactions, or increases the distance, between the two 
decks, facilitating rotation. 
 
Scheme 1.2 Self-assembly of polythiazolylbenzene disks 19 and 20 with three silver ions, 
forming molecular ball-bearings. 
An extension on the work on these molecular carousels are the so-called molecular 
ball-bearings, in which three silver ions are coordinated between two disk-like 
ligands 19.43 In compound 19, the p-tolyl groups serve to force the thiazolyl groups 
out of the plane of the central benzene ring for more efficient binding to silver. The 
sandwich complex appeared to have a distinct helical shape (by X-ray analysis), of 
which the P to M interconversion was shown to be fast (by NMR). Using a hetero-
complex made up of disk 19 and tris(thiazolyl) disk 20 (Scheme 1.2), a reversible 
partial rotary movement with a rotational barrier of ~58.5 kJ mol-1 was observed, in 
which the two stable helical forms where the silver ions are coordinated to two 
thiazolyl nitrogens (one from both disk) interconvert via a state where they 
coordinate to three (one from the upper and two from the lower disk).44  
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Unlike the systems described sofar in this section, the following sandwich 
complexes allow the induction of rotary motion around the metal center by an 
external stimulus. The first example is “molecular scissors” 21  (Scheme 1.3), 
consisting of an azobenzene moiety (acting as the handle), a ferrocene unit (the 
pivot point) and two phenyl groups (the blades).45  
 
Scheme 1.3 Molecular scissors 21. 
The conformational changes induced by cis-trans isomerization of the azobenzene 
switch, due to alternating irradiation with UV and visible light, are translated into 
a rotational movement around the metal center of the ferrocene unit. Important to 
note is the intrinsic chirality of the scissor molecules, and the fact that in each 
specific enantiomer the induced rotary movement in principle is unidirectional. 
However, a full 360° is, of course, not possible with these systems. Recently it was 
shown that the photochemical response upon irradiation with UV light is altered 
after oxidation of the ferrocene unit, and reversible rotary motion induced by a 
combination of redox and UV light was demonstrated.46 
 
Scheme 1.4 Conformational changes of two porphyrin moieties in a host-guest complex 
induced by the light-induced scissoring motion in 22 lead to a mechanical twisting of the 
guest rotor molecule 23.  
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In an extension of this research, two zinc porphyrins were attached to the phenyl 
blades in 22,47 to which 4,4’-bisisoquinoline 23 was bound in a bidentate way 
(Scheme 1.4). Cis-trans isomerization of the azobenzene unit induces 
conformational changes of the two porphyrines, via the rotation of the ferrocene 
pivot. These light-induced conformational changes in host/guest complex 23·22 in 
turn lead to a mechanical twisting of the non-covalently bound bis-isoquinoline 
guest rotor molecule in one particular direction. This stepwise transmission of 
motion, again unidirectional due to the chirality of the system, make this system 
operate in a machine-like fashion. 
A recent gas-phase experimental and theoretical study of a ferrocene derivative, 
substituted with a carboxylic acid on both cyclopentadienyl rings, showed that 
intramolecular rotation can also be induced upon protonation and deprotonation 
processes.48 The conformation of the dianion is governed by Coulombic repulsions, 
locking it in the trans conformation, in which the negative charges are oriented as 
far apart as possible. Protonation of one of the carboxylic acid groups results in a 
rotary movement around the metal axle, as the compound is locked in the cis 
conformation due to intramolecular hydrogen bonding. 
 
Scheme 1.5 Carborane nickel complex 24 as an electrochemically driven molecular rotor 
(white circles are carbon atoms, grey circles are boron atoms, R1-R4 = H). Adapted with 
permission from reference [49]. Copyright 2004 AAAS. 
The second example of induced rotary motion in these metal complexes comprises 
functionalized metallacarborane 24 (Scheme 1.5).49 With the +4 oxidation state of 
the nickel, the preferred geometry of these kind of complexes is cisoid, meaning 
that the carbon atoms reside on the same side of the complex. Electrochemically 
the oxidation state of the nickel can be changed to +3, resulting in a preferred 
transoid conformation of the complex. Alternatively, promotion of an electron to 
the lowest unoccupied molecular orbital (LUMO) in the cisoid (Ni4+) complex was 
induced by irradiation, leading to an excited complex (Ni4+*) that has a preferred 
transoid geometry. The complex relaxes subsequently via rotation. It was suggested  
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that unidirectionality of the rotary movement might be achieved by the 
introduction of additional asymmetry with bulky groups at positions R1 to R4. 
1.3.4   Pirouetting Motion in Rotaxanes 
A rotaxane is a molecular assembly in which a macrocycle is trapped onto a linear 
thread by the virtue of two bulky stoppers. Closely related structures are 
catenanes: molecular structures in which two or more macrocycles are 
interlocked.50 The relative degrees of freedom of the components in these systems 
in several directions is severely restricted, however motion in certain allowed 
directions is extraordinarily fast, as no covalent connections are involved, 
comparable to almost frictionless motion along a certain track.51 Submolecular 
rotary motions involved with these systems can be divided into two classes: 
pirouetting of a macrocycle around a station on the thread (in case of a rotaxane) or 
the other ring (in case of a catenane), and translation of one macrocycle around the 
other ring in the case of a catenane (Figure 1.8). Examples of the latter kind will be 
given extensively in Section 1.4.3, which covers systems by which actually 
unidirectional rotation is achieved. In the following section examples will be given 
in which the rate of pirouetting of a macrocycle around a station on the thread in a 
rotaxane can be controlled by various external stimuli. 
 
Figure 1.8 Schematic representations of a) rotaxanes and b) catenanes, and the possible 
modes of movement of one component relative to the other, being pirouetting of a 
macrocycle around a station (left) and translation movement of a macrocycle between 
different stations (right). 
The rate of pirouetting of the macrocycle in two 2[rotaxanes], amongst which (E)-
25, was observed to be slowed down by the application of an alternating current 
(AC) electric field of around 50 Hz (Figure 1.9a).52 Even modest fields of about 1 
V cm-1 produce pirouetting rate reductions of three orders of magnitude. Variable 
temperature NMR experiments, supported by calculations, showed that the 
pirouetting of the macrocycle is the only dynamic process on this timescale. In 
a) 
b)  
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these molecular assemblies, the only interactions between the macrocycle and the 
thread are the hydrogen-bond interactions of the amide moieties present in both 
components. Although clear-cut explanation for the observed phenomena has not 
yet been provided, the authors speculate that polarization and strengthening of the 
intercomponent hydrogen bonding by the applied AC electric field plays a role. 
 
Figure 1.9 [2]Rotaxane 25, in which the rate of pirouetting of the macrocycle around the 
thread can be a) reduced by the application of an AC electric field of around 50 Hz or b) 
enhanced by photoisomerization of the station on the thread. 
The pirouetting rate has also been altered by directly changing the structure of the 
unit on the thread around which the macrocycle rotates, affecting the binding 
affinities between the two components. Photoisomerization of the (trans) 
fumaramide unit in (E)-25 to the (cis) maleamide isomer in (Z)-25 (Figure 1.9b) 
resulted in an increased rate of pirouetting of more than six orders of magnitude, 
due to the weakened intercomponent hydrogen bonding.53 Heating reverts the 
system to the E-rotaxane, reinstalling the strong hydrogen-bond network and 
a) 
b)  
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leading to a decreased pirouetting rate. In a different system, in which a crown-
ether moiety was introduced in the macrocycle and ester groups are present in the 
thread instead of amides, binding of sodium or potassium cations to the crown-
ether was shown to retard the pirouetting rate, due to intercomponent interactions 
between the bound cation in the macrocycle and the ester moieties in the thread.54 
 
Scheme 1.6 Electrochemically controlled pirouetting motion in metal-templated [2]rotaxane 
[Cu(26)]. 
Macrocycle pirouetting can also be driven, in metal-templated [2]catenanes and 
[2]rotaxanes,55 such as [Cu(26)]  (Scheme 1.6).56 These systems are based on 
pioneering work on redox-driven cation translocation in systems that exploit the 
preference of FeII and FeIII for soft and hard ligands, respectively.57 This principle 
has also been used to gain translational motion by shuttling a macrocycle between 
different stations in a rotaxane system,58 and was even used to induce 
contraction/stretching processes in a molecular muscle.59 In 26, the mode of 
operation is already very similar to the catenane based motor systems described in 
Section 1.4.3 which involve translational motion of one macrocycle around the 
other. By incorporation of two different coordination sites into the macrocycle and 
a bipyridine site in the thread, rotational rearrangement of the system can be 
induced by electrochemically oxidizing or reducing the copper centre between 
Cu(I) and Cu(II). In the initial system, the bipyridyl on the thread was only 
separated from the bulky stoppers by ether linkages, and at room temperature a 
pirouetting rate of 5 s-1 for the oxidation step and >500 s-1 for the reduction step 
were determined. The induced rate of pirouetting was enhanced after separating 
the bipyridyl more from the bulky stoppers by the introduction of additional 
triethyleneglycol spacers. For this system the rates of pirouetting were measured at  
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-40°C, and amounted 12 s-1 for the oxidation step and >1200s-1 for the reduction 
step. 
1.3.5   Absolute Molecular Rotation with Respect to a Surface or a Crystal Lattice 
All systems covered so far operate in solution, in which the described rotation is 
always only related to a molecular framework that can move and rotate randomly. 
In order to overcome random Brownian motion, absolute rotary motion with 
respect to a fixed macroscopic frame would be much preferred. This has been 
accomplished with several systems that operate inside a crystal lattice or are 
covalently linked to a surface, discussed in the following section. 
 
Figure 1.10 Surface-bound azimuthal rotor 27. 
A design of an azimuthal (axis of rotation perpendicular to surface) rotor, attached 
to a gold surface, is structure 27 (Figure 8). It comprises a tripod, where each leg is 
functionalized with a thiol moiety to facilitate anchoring to a gold surface, and an 
arm that contains donor-acceptor moieties, which may allow alignment and 
manipulation of the arm in an electric field.60 Whereas this molecular design and 
the synthesis were published quite some years ago, switching measurements still 
have to be reported. This work is actually a typical case in the field: a molecular  
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design can look very promising on paper, yet turn out to be very difficult to realize 
to operate in practice. 
Surface bound altitudinal (axis of rotation parallel to surface) rotor 28 (Figure 1.11), 
containing a dipolar rotor part, as well as a similar system containing a nonpolar 
rotor, have been studied by scanning tunneling microscopy (STM).61 Similar to the 
azimuthal rotor 27, rotation of dipolar rotor 28 was anticipated to be induced by 
manipulation of the alignment of the rotor with an electric field. In order to 
investigate whether or not the rotation of the surface mounted rotors was 
controlled by an applied electric field, the STM tip was placed on top of a surface 
coated with either 28 or the nonpolar rotor, under ultra-high vacuum conditions. It 
was found that, for a fraction of the molecules, the application of a static electric 
field from the STM tip led to a change in orientation of dipolar rotor 28. In the case 
of the nonpolar rotors this change was not observed. This result was interpreted as 
being caused by a reorientation of the dipolar rotors in the direction of the electric 
field imposed by the STM tip. Furthermore, 28 can exist as three diastereomeric 
pairs of enantiomers with a helical conformation. Molecular dynamics simulations 
predicted that for one of the three diastereoisomers the response to the alternating 
electric field is blocked. Interestingly, the calculations also showed that in the other 
two conformations, the response was the rotation of the rotor in a unidirectional 
fashion. This, however, only holds at very low temperature, as at higher 
temperature random thermal interconversion between the stereoisomers 
overwhelms the unidirectional rotation event. 
 
Figure 1.11 Surface bound altitudinal dipolar rotor 28. 
In addition to rotors that are covalently bound to the surface, a number of 
appealing examples of controlled and induced rotation of flat molecules that are 
physisorbed on a surface, imaged by STM, have been published. These molecules 
first form a highly organized self-assembled monolayer (SAM) network on a 
surface, in which steric interactions with neighboring molecules and the 
interactions with the surface present a sufficient steric barrier to free rotation. In 
pioneering work by Gimzewski, individual molecules of 29, consisting of a flat 
decacyclene core equipped with six bulky t-butyl groups, that are “trapped” in a  
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self-assembled monolayer (SAM) matrix could be induced to rotate fast by 
displacing them to a void within the lattice by manipulation with the STM tip 
(Figure 1.12).62 
 
Figure 1.12 Hexa-tert-butyl decacyclene (HB-DC) 29 and STM pictures of a monolayer of 
HB-DC on a Cu(100) surface. a) The molecule indicated with a black circle, in registry with 
the 2D crystal, is imaged as a six-lobed structure. b) After the molecule is translated to a 
void in the 2D crystal lattice, it is imaged as a torus. Reproduced with permission from 
reference [62]. Copyright 1998 AAAS. 
Induced fast rotation of surface-adsorbed zinc porphyrins was demonstrated by 
weakening of the interactions with the surface due to the addition of a ligand that 
inserts itself in between the zinc and the surface.63 Zinc porphyrin 30 (Figure 1.13a) 
was decorated with sterically demanding groups that decouple the molecular π-
electron system from the surface, providing a relatively weak molecule-surface 
interaction.  
             
Figure 1.13 a) Zinc porphyrin 30, and STM images, line profiles and structural diagrams for 
b) zinc porphyrin 30 on Ag(100) and c) after addition of 4-methoxypyridine, which inserts 
between the zinc porphyrin and the surface, inducing fast rotation of 30. Reproduced with 
permission from reference [63]. Copyright 2006 Wiley-VCH Verlag GmbH & Co. KGaA. 
a) 
b)  c) 
a) b)  
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The four individual substituents are still visible in the four-lobed species seen in 
the STM pictures (Figure 1.13b). After the addition of 4-methoxypyridine, a 
bifunctional ligand that is known to interact with the zinc atom via the pyridine 
and with the silver surface through the O→Ag interaction, a substantial change in 
the shape of the porphyrins in the STM image is observed. The objects now appear 
toroidal (Figure 1.13c), indicating the fast rotation of the porphyrins, caused by the 
insertion of the ligand between the porphyrin and the surface. 
Recently, the rotary movement of a single propeller-shaped hexa-arylbenzene 
along the boundary of a SAM domain composed of these molecules was driven by 
the STM tip.64 The six aryl substituents in the molecule comprise five phenyl 
groups and one pyrimidine, which acts as a tag that is recognizable by STM 
allowing the determination of the orientation of the molecule. As schematically 
depicted in Figure 11, the molecule that acts as a six-toothed cogwheel can be 
translated parallel to the SAM domain boundary when pinned under the STM tip. 
It was proposed that interdigitation of the aryl substituents of the moving molecule 
with the aryl groups at the edge of the domain causes the translated molecule to 
rotate with respect to the direction of the monolayer. 
 
Figure 1.14 a) Illustration of a macroscopic rack-and-pinion, b) STM image of the border of a 
SAM domain of the hexaarylbenzene and a single molecule adsorbed on its side acting as 
the rack and the pinion, respectively, and c) a schematic representation of the molecular 
rack-and-pinion device: one of the six aryl substituents is a pyrimidine tag (white dot), 
which allows the orientation of the molecule to be monitored, and the white arrow indicates 
the direction of the translation of the molecule induced by the STM tip. Adapted with 
permission from reference [64]. Copyright 2007 Macmillan Publishers Ltd. 
The translational motion of large, surface-adsorbed molecules bearing 
functionalities that are suggested to function as molecular wheels has also been 
studied. Whereas in the macroscopic world wheels replace a high frictional barrier 
towards sliding motion by smooth rolling, making them also highly useful in 
obtaining directed movement over a surface, at the molecular level their advantage 
a) 
c) 
b)  
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over sliding motion is not that clear. A completely flat molecule as anthraquinone 
was recently demonstrated to diffuse in a straight line across a flat surface,65 even 
being able to bind and transport CO2 as cargo, suggesting that controlled and 
directed movement over a surface at the molecular level does not require to be 
mediated by a nano-scale variant of a wheel. However, an example where the 
rotary motion of surface adsorbed molecular wheels indeed was demonstrated to 
direct the translational movement of a large molecule over a surface was actually 
reported recently. The attachment of four spherical fullerenes to a central flat 
scaffold, as in 31, resulted in a system where directionality of the translatory 
motion over the surface is provided by rolling of the fullerenes (Figure 1.15).66 At 
room temperature, these molecular structures, dubbed “nano-cars”, lie stationary 
on the surface due to the strong charge transfer interaction between the fullerenes 
and the gold surface, but after heating to 200°C the molecules start to move in a 
direction perpendicular to their axis. Movement of the molecules could also be 
achieved upon manipulation with the STM tip, and again only motion in the 
direction perpendicular to the axles was facile. Furthermore, in the case of a system 
where three instead of four fullerenes are attached to a central scaffold, pivoting 
motion instead of translation over the surface was observed. Both of these 
observations strongly indicate that motion of the system over the surface is guided 
by rotation of the fullerenes acting as wheels.  
    
Figure 1.15 a) Nano-car 31 containing four fullerene wheels, and b) a space-filling model of 
31  on a surface, the arrows indicate the direction of the STM imaged fullerene-assisted 
rolling motion. Adapted with permission from reference [66]. Copyright 2006 American 
Chemical Society. 
Important to note is the fact that with all of the surface-adsorbed systems that were 
discussed in this section, the rotation takes place under ultra-high vacuum 
conditions. This appears to be necessary in order to ensure the interactions 
between the molecules and the surface to be strong enough. It is therefore highly 
unlikely that such systems can ever operate at the solid-liquid interface, where 
there is a constant equilibrium between the molecules being dissolved in the 
solvent or adsorbed on the surface. It may therefore be envisaged that the 
a) b)  
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molecules first need to be covalently attached to the surface before they can be 
used at the solid-liquid interface. An example of such a covalent surface 
attachment of a rotary system will be given in Section 1.5.1.  
The rotation around an aryl-acetylene bond in structures such as 32 (Figure 1.16a), 
structurally related to the molecular turnstiles discussed in Section 1.3.1, have been 
investigated in the crystalline phase.67 The aim of this work was to create a system 
in which a chemically bonded rotor is confined in a fully enclosed cavity, making it 
a true molecular version of a gyroscope. In the crystal lattice, the framework is held 
static and shields the rotor part from steric interactions with adjacent molecules in 
the crystal, allowing it to orient under the influence of external electric or magnetic 
fields. Introduction of substituents on the phenylene rotor that would make it 
dipolar should allow addressing it by an external electric field. These dipolar 
versions of the molecules were indeed synthesized and crystallized, however no 
quantitative data regarding the rotation rates were reported sofar.68 
      
Figure 1.16 a) Molecular gyroscope 32 and b) the parallel packing of two gyroscope 
molecules in the crystal lattice, creating a sufficient spacing for the phenyl rings to rotate 
with a barrier of only 18.0 kJ mol-1. Reproduced with permission from reference [67]. 
Copyright 2005 National Academy of Sciences, U.S.A. 
It is well-known that molecular motion and dynamics is severely restricted in the 
crystal lattice compared to that in the liquid and gas phase.69 However, the rate of 
rotation of small groups such a methyl can be almost as high in the crystalline as in 
the gas phase. As the rotation of the phenylene rotator around the single bonds is 
virtually barrier-free in solution, any hindrance observed in the solid state may be 
assigned to steric contacts with the trypticene parts of the stator or with neighbors 
in the close packed crystal lattice. In initial studies on crystals grown from a system 
similar to 32, different as it is lacking the methyl substituents, severely hindered 
a) b)  
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rotation was observed, due to interdigitation of the trypticene parts causing 
contacts between the rotor with a neighboring trypticene.70 In these and other 
systems, also incorporation of solvent molecules in the lattice caused hindered 
rotation. In 32 the methyl groups prevent the interdigitation of adjacent molecules 
in the lattice, providing a local cavity that effectively shields the rotator (Figure 
1.16b).71 This favorable packing arrangement allows almost free rotation of the 
phenylene unit: the sample had to be cooled to -90°C in order observe the cross-
peaks in the dynamic 2D NMR experiment (corresponding to a rotation rate of ~ 10 
MHz at this temperature).67 A remarkably low activation barrier of only 18.0 kJ 
mol-1 was determined, which is only 5.5 kJ mol-1 higher than the gas phase barrier 
for the rotation of the two methyl groups in ethane. 
In related research, the rotation of a R-Rh-CO rotor in a giant (25-membered) 
macrocycle that constitutes a three-spoke stator (Figure 1.17) was investigated.72 
When R is as small as a chlorine atom in 33, rotation is fast in solution, however a 
large substituent as a p-tolylacetylene in 34 effectively brakes the rotary motion, 
similar to what was found with the turnstile discussed in Section 1.3.1. Because of 
the porous structure of these systems, they also suffer from intercalation of 
neighboring molecules or solvent between the spokes in the solid state, therefore in 
future work bulky groups need to be introduced to restrict access to the molecule’s 
interior space. However, a major advantage of these systems towards gyroscopic 
functionality might be the large dipole of the rotor unit. 
 
Figure 1.17 “Giant” rhodium based molecular gyroscopes. 
1.4   Artificial Molecular Motors 
As stated in the introduction of this chapter, in order to make the step from the 
rotor systems described in the previous section to a true molecular motor, the 
systems have to become able to convert energy supplied to them into a  
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unidirectional rotary motion. In several systems discussed in the previous sections 
of this chapter, it was shown that some control over the speed of the thermal rotary 
motion could be exerted and the induction of rotation could be triggered by 
external factors. However, none of the systems discussed thus far qualifies as a 
molecular motor, as a continuous, unidirectional rotary motion was not 
established. On the molecular level, the term unidirectionality first is needed to be 
put in a special context. Molecular motors do make mistakes: even the biological 
rotary motor F1-ATPase has been observed to rotate 120° in the wrong direction 
every so often during its ‘unidirectional’ cycle.73 Less-kinetically favoured 
pathways to the thermodynamic minima are sometimes taken, and background 
thermal energy will also cause the molecular components to move even when no 
stimuli are applied and the direction of this non-biased Brownian motion will be 
random. For this reason, the term biased rotary motion perhaps would be more 
appropriate.  
I n  r e c e n t  y e a r s ,  a  n u m b e r  o f  s y s t e m s  h a v e  b e e n  d e v e l o p e d  t h a t  m e e t  t h e  
qualification of a molecular motor. These systems are either driven by chemical 
energy, similar to the numerous biological s y s t e m s  d r i v e n  b y  A T P ,  l i g h t ,  o r  a  
combination of these two energy sources. The design and mode of operation will 
be described in detail in the following section. The requirement of energy input 
from an external source to achieve unidirectionality in molecular motion has been 
illustrated elegantly with rotor 35 (Figure 1.18b) that at first sight should be able to 
convert random thermal Brownian motion into unidirectional rotation, due to its 
resemblance to a macroscopic ratchet and pawl system. 
1.4.1   Random Brownian Motion Transformed into Unidirectional Rotation? 
The chiral helical structure of 35  (clearest in the space-filling model shown in 
Figure 1.18c) intuitively tells us that rotation within this molecule should take 
place in a fashion analogous to that in a macroscopic ratchet and pawl (Figure 
1.18a).74 The rotor is composed of connected triptycene and benzophenanthrene 
units: the helicene half of the molecule plays the role of the pawl in attempting to 
direct the rotation of the attached trypticene in one direction. Also the calculated 
enthalpy changes for rotation showed an asymmetric potential energy profile 
(Figure 1.18d). However, already in 1963, Feynman showed that such a molecular 
ratchet system cannot work, as it would violate the second law of 
thermodynamics.75 NMR experiments indeed confirmed the prediction that 
rotation in 35 o c c u r s  w i t h  e q u a l  f r e q u e n c y  i n  b o t h  d i r e c t i o n s .  T h e  r a t e  o f  a  
molecular transformation depends on the energy of the corresponding transition 
state, which is identical for rotation in both directions: an imbalance in this system 
at equilibrium caused by a higher rate of rotation in one of the two directions 
would have obstructed the second law of thermodynamics.76,77 A crucial  
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requirement for unidirectional rotary motion therefore is the input of energy to 
drive the system away from equilibrium.78 
 
 
Figure 1.18 a) Schematic illustration of a macroscopic ratchet and pawl b) attempted design 
of a molecular ratchet and pawl (35), c) space-filling model showing the helical twist of the 
helicene imparting chirality to the system. Reproduced with permission from reference [79]. 
Copyright 1999 Macmillan Publishers Ltd. d) Schematic representation of the calculated 
enthalpy changes for rotation in 35. Reproduced with permission from reference [5]. 
Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA. 
1.4.2   Chemically Driven Systems 
The framework of rotor 35 was used to develop a system capable of performing a 
chemically driven unidirectional rotary movement over 120° (Scheme 1.7). Steric 
interactions between the two units cause a substantial barrier towards free rotation 
around the central bond, which can be used to generate controlled rotation. By 
introduction of an amino and an alcohol functionality in the two different halves of 
36, a controlled unidirectional 120° rotation over the central bond is allowed.79 In 
the system, the high-energy phosgene molecule is used as fuel, much like ATP is 
used to drive biological molecular motors, and its rotation can be described by five 
consecutive steps (Scheme 1.7). The addition of phosgene and triethylamine first 
converts the amine functionality connected to the triptycene unit to an isocyanate. 
After a slight rotation of the triptycene with respect to the helicene to a higher 
energy rotamer, this isocyanate reacts with a hydroxypropyl tether on the helicene 
to form a urethane linkage. The undesirable, strained conformation in which the 
molecule is “caught” after formation of the urethane linkage is responsible for the 
a) b)  c) 
d)  
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following unidirectional rotation step, in which the helicene part slips past the part 
of the triptycene to which it is connected, to end up in a more stable conformation. 
In the final step, the urethane bond is hydrolyzed, to give the rotamer of the 
original starting atropisomer. This relatively simple system represents a proof of 
principle for the possibility to obtain unidirectional rotation, albeit only over 120°. 
However, to qualify as a molecular motor, the ability to perform a unidirectional  
rotation over 360°, which preferably can be continued by the system with repetitive 
cycles, is necessary. Despite a considerable effort, this has not yet been achieved 
with this particular design.80 
 
Scheme 1.7 Chemically driven molecular motor 36, capable of a controlled unidirectional 
120° rotation around its central axis. 
Recently, our group reported the first example of a synthetic molecular motor 
fueled by a sequence of chemical conversions that is capable of performing a full 
360° rotation in a repetitive fashion (Scheme 1.8).81 The sense of rotary motion is 
governed by the choice of chemical reagents that control the rotor movement 
through four distinct stations. The use of a chiral reagent, (S)-2-methyl-CBS-
oxazaborolidine and BH3.THF,82 to accomplish an enantioselective reduction of the 
lactone (step 1 and 3), which discriminates between the two dynamically 
equilibrating helical forms of 37a and 37c, results in a stereoselective ring opening 
of the lactone towards one atropisomer. Due to the steric barriers involved, free  
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rotation around the central bond connecting the two halves of the molecule in the 
chiral biaryl system in 37b and 37d is not possible. Employing the principle of 
orthogonal chemical reactivity, a series of protection/deprotection steps ensures 
the selective ring closure of the lactone (step 2 and 4) by which unidirectionality is 
achieved. Although 37 demonstrates the principle of unidirectional rotation driven 
by chemical fuel through a full 360° rotary cycle, the requirement of a sequence of 
incompatible chemical reagents reduces the usefulness of this system in practice. 
Designing a system which is capable of continuous rotation upon the addition of 
one specific chemical fuel, preferentially based on catalytic steps, would be a major 
leap forward. 
             
Scheme 1.8 a) Chemical structures and reacton scheme corresponding to the unidirectional 
rotary cycle of chemically driven rotary motor 37, and b) schematic representation of the 
rotary process. Adapted with permission from reference [81]. Copyright 2005 AAAS. 
1.4.3   Catenane-Based Rotary Motors 
Unidirectional rotary motion driven by a combination of photochemically and 
thermally or chemically induced transformations has been established with the 
complex [3]catenane 38 (Figure 1.19a).83 The molecular assembly consists of a large 
macrocycle, containing four different stations A-D, in which two smaller rings are 
interlocked. Station A and B are fumaramide groups with different macrocycle 
binding affinities, due to the amides in B being methylated. Irradiation with light 
of the appropriate wavelength results in trans-to-cis isomerization and the 
formation of the corresponding maleamide groups, which have a much lower 
macrocycle binding affinity. Furthermore, station A is located next to a 
benzophenone unit, which allows its selective photosensitized isomerization at 350 
nm, before photoisomerization of fumaramide station B at 254 nm. Station C, a 
a) b)  
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succinic amide ester, and D, an isolated amide, are not photoactive and are 
intermediate in macrocycle binding affinity between the fumaramide stations and 
their maleamide counterparts, C having a somewhat higher binding affinity than 
D. Initially, the small rings occupy these stations A and B (Figure 1.19b). Via a 
selective photochemical transformation by irradiation with 350 nm light, the 
affinity of stations A for the small ring is drastically lowered, resulting in 
movement of the first ring to station C (step 1). Notably, this movement occurs in 
one direction: the other direction is blocked by the other small ring that still resides 
on station B. Secondy, photoisomerization of B by irradiation with 254 nm light 
leads to movement of the second ring to station D (step 2). Also this movement 
occurs unidirectional, as one direction is blocked by the other small ring at station 
C. Subsequent heating results in reisomerization of the cis maleamide moieties 
back to the more stable trans fumaramide conformation, by which stations A and B 
recover their original binding affinities to the small rings. Therefore, these rings 
shuttle back to these stations, a movement they can only make in one direction 
(step 3). After these steps, the two rings have only swapped position, but after 
repeating these three steps both small rings have accomplished a full 360° rotation 
around the large macrocycle in a unidirectional fashion.  
   
Figure 1.19 a) Four station [3]catenane 38 and b) schematic illustration showing the 
sequence of shuttling steps of the small rings following the photochemically and 
thermally/chemically induced isomerizations, leading to a full 360° rotation of both small 
rings around the large macrocycle in a unidirectional fashion. Reproduced with permission 
from reference [83]. Copyright 2003 Macmillan Publishers Ltd. 
b)  a)  
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One main disadvantage of this system is the fact that heating to 100 °C is required 
for the thermal steps to proceed with appreciable rates. However, by addition of a 
stoichiometric amount of bromine and irradiation with 400-700 nm light to 
generate bromine radicals, which catalyze this isomerization step, this step is fast 
even at temperatures as low as -78 °C. Nevertheless, the system still requires the 
separate input of different stimuli in no less than six sequential steps in order to 
achieve only one unidirectional rotation, making it difficult to envision in any 
nanotechnological application in the future. 
A related system, developed by the same group, is [2]catenane 39 depicted in 
Scheme 1.9.84 This system consists of one small ring, interlocked on a large 
macrocycle that contains two stations that are separated by two bulky groups. 
Unidirectional rotation of the small ring around the large macrocycle relies on the 
changing binding affinity of the stations to the small ring upon chemical 
transformations, and the selective chemical removal of one of the bulky groups 
allowing the ring to move from one station to the other via the opened pathway. 
With this system, the rotation is reversible and possible in both directions, 
depending on the choice of the chemical reagents. However, also with this system 
driven by a combination of light and chemical fuel, continuous rotation upon the 
addition of one kind of fuel is not possible, as a specific sequence of non-
compatible chemical reagents, over six sequential steps, is needed. 
       
Scheme 1.9 a) [2]Catenane molecular motor 39 and b) a schematic illustration of the 
unidirectional rotation of the small ring around a big macrocycle, induced by chemical 
transformations of station B, changing its binding affinity to the small ring, and the 
chemically induced removal and reattachment of the bulky groups C and D, allowing the 
ring to move between stations A and B via a particular route. 
Analyzing the three molecular motor systems described in this section thus far, it 
has to be concluded that their mode of operation is still far from perfect. First of all, 
b)  a)  
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for all of the systems the required specific sequence of chemical transformations, 
for which reagents are needed that are not compatible to each other, is a major 
drawback. Furthermore, all three systems make “mistakes” during continuous 
rotation. In case of the chemically driven molecular motor 37, the ring-opening 
steps occur with a selectivity of 97:3 for the first and 90:10 for the second ring-
opening, meaning that rotation opposite to the major direction does occur to a 
rather large extent. In case of the catenane-based system 38, during the complete 
rotary cycle the preferences of the small rings for the different stations of the large 
macrocycle are thermodynamically determined. Therefore, kinetically less favored 
pathways, leading to rotation in the opposite direction, will always occur. In that 
respect, the high kinetic barriers to undesired rotation in the opposite direction in 
catenane system 39 are a major improvement. Finally, the chemically driven 
systems are relying on a large number of chemical transformations that all give 
non-quantitative yields. This results in an overall chemical yield of only one 
rotation process of 21% and 23% in the case of system 37 and 39, respectively. It 
should therefore be emphasized that these systems constitute a proof of principle, 
but can never be useful in any nanomechanical device. 
1.4.4   A Light-Driven Unidirectional Rotary Molecular Motor 
Changes in molecular configuration upon cis-trans isomerizations of double bonds, 
especially the photochemically induced isomerization of stilbenes85 and 
azobenzenes,86 have been studied for many years. In these systems, a double bond 
isomerization is induced by an external stimulus that basically constitutes a 180° 
rotation in the molecule, which takes place with random directionality. This is 
different, however, in the case of the chiroptical switches based on sterically 
overcrowded alkenes,13,87 of which one example, compound 12, was already 
discussed in Section 1.3.2. 
 
Scheme 1.10 Unidirectional rotation over approximately 120° involved with a 
photochemically induced cis-trans isomerization of chiroptical switch 40 based on a 
sterically overcrowded alkene. 
The strong steric interactions between the two halves of these molecules prevent 
the naphthalene group in the upper-half to slip past the lower part of the molecule,  
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resulting in the folded structure with a particular helicity. Furthermore, the helicity 
in the molecules dictates the photochemically induced cis-trans isomerization of the 
central olefinic bond to proceed unidirectional, as the naphthalene is forced to 
remain at one specific side of the lower part (Scheme 1.10). This results in a 
controlled and unidirectional rotary movement, over approximately 120°. In order 
to achieve a full and continuous unidirectional rotation, the incorporation of one 
further chiral element was needed. 
 
Scheme 1.11 Photochemical and thermal isomerizations involved with the unidirectional 
rotary cycle of light-driven molecular motor 41. 
In our group, the extensive study on the photochemical and thermal isomerization 
processes involved with biphenanthrylidenes88 lead to the development of the first 
synthetic rotary molecular motor, capable of controlled unidirectional rotary 
motion around a carbon-carbon bond.89 Sterically overcrowded alkene (3R,3’R)-
(P,P)-trans-1,1’,2,2’,3,3’,4,4’-octahydro-3,3’-dimethyl-4,4’-biphenanthrylidene 41 can 
perform a full 360° rotation of one half of the molecule relative to the other half in a 
unidirectional fashion upon irradiation with light. Important features of this 
molecule, which are the control elements governing the unidirectional rotation, are 
(1) the intrinsic helicity of the overcrowded alkene, (2) the central carbon-carbon 
double bond connecting the two identical halves of the motor, acting as the axis of 
rotation, and (3) the two stereogenic centers bearing methyl substituents that  
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dictate the direction of the rotation process. In the stable isomers, these methyl 
groups adopt a pseudo-axial conformation to minimize steric repulsion with the 
other half of the molecule. The rotary cycle of 41 can be dissected into four steps 
(Scheme 1.11).  
Irradiation of stable (3R,3’R)-(P,P)-trans-41 with UV light (λ >280 nm) initiates a 
photochemical trans-to-cis isomerization around the central double bond (Step 1). 
This isomerization first of all results in an inversion of the molecule’s helicity 
(P,P→M,M). A key factor leading to the unidirectionality of the rotation process is 
the fact that in unstable (3R,3’R)-(M,M)-cis-41, the methyl substituents are forced to 
adopt a strained pseudo-equatorial orientation, in which they experience steric 
crowding with the naphthalene rings flanking the opposite side of the double 
bond. As a result, this photochemically induced isomer is thermally unstable and a 
helix-inversion step occurs spontaneously at room temperature, releasing the 
strain in the molecule (Step 2). In this step, the methyl groups and naphthalene 
moieties of the upper and lower-half pass each other and the methyls regain their 
energetically favored pseudo-axial conformation, thus generating stable (3R,3’R)-
(P,P)-cis-41. The large difference in free energy between the isomers is responsible 
for the unidirectionality of this process by ensuring complete, irreversible 
conversion of the unstable form to the stable form. Subsequent irradiation (λ >280 
nm) of stable (3R,3’R)-(P,P)-cis-41 initiates a cis-to-trans isomerization, inverting the 
molecule’s helicity to generate unstable (3R,3’R)-(M,M)-trans-41, in which the 
stereogenic methyl groups again adopt a highly strained pseudo-equatorial 
conformation (Step 3). This strained molecule requires gentle heating (60°C) to 
facilitate the last step of the rotary cycle, where another helix inversion releases the 
conformational strain and regenerates stable (3R,3’R)-(P,P)-trans-41  with axially 
oriented methyl substituents (Step 4). 
In these systems, the direction of circumrotation is fully determined by the 
absolute stereochemistry of the molecule: the enantiomer with an S configuration 
at both stereocenters rotates in the opposite direction. The repetitive nature of its 
rotary behavior, performed upon the input of only one source of energy, light, 
makes this light-driven molecular motor superior to all previously described 
systems. Molecular motor 41 suffered from one drawback, however, which is its 
low rotary speed. As the photochemical processes typically take place one the 
picosecond time-scale, it is the energy barriers to the thermal helix inversion steps 
that determine the rotation rate. As the energy barrier involved with the thermal 
conversion of unstable trans-41 to the stable isomer (step 4 in Scheme 1.11) is rather 
high, on average it takes weeks for this molecule to perform one single rotation! In 
order to increase the rotary speed of this type of light-driven molecular motors, a 
large amount of work has been carried out in terms of improvement of the 
molecular design, of which an overview will be provided in the next chapters.  
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1.4.5   Second-Generation Light-Driven Molecular Motors 
Merging of the molecular structures of the symmetrical biphenanthrylidene based 
molecular motors described in the previous part and that of the chiroptical 
molecular switches developed in our group90,91 led to a novel design of these light-
powered rotary motors. This so-called “second-generation” design consists of a 
distinct upper and lower half, which can be considered the rotor and stator part of 
the motor.92 Whereas the upper half is structurally similar to the first-generation 
motors, the lower half is now derived from a symmetric tricyclic molecule (Figure 
1.20). 
 
Figure 1.20 General structure for second-generation light-driven molecular rotary motors. 
 
Scheme 1.12 Rotary cycle of second-generation molecular motor 42. 
The rotary cycle of these systems is similar to that of the first-generation type 
motors, except the direction of rotation is controlled by a single stereocenter  
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(Scheme 1.12). This alteration offers several practical advantages in terms of 
synthesis, for instance the introduction of functional groups selectively in the 
upper- or lower-half due to the inherent dissymmetry in the molecule. As the 
energy barrier to both thermal helix inversions, which are the rate-limiting steps in 
the rotary cycle, are nearly the same, also the speed of rotation of these systems is 
easier tunable via structural modifications, as will be discussed in more detail in 
Chapter 2. 
1.5   Towards Functional Motors 
It has been envisioned that two key issues have to be addressed in order to ever be 
able to harness work from these light-driven molecular motors. First of all, their 
rotary action should become fast enough to compete with the surrounding 
Brownian motion. As discussed in the previous section, the first systems reported 
on average take weeks to complete one single rotation at room temperature. 
Therefore, a huge improvement was needed in this sense. Two different strategies 
towards this goal are the subject of Chapter 2 and 3 of this thesis. This work fits in 
a rather large body of research performed in our group,14 of which also a brief 
overview is given in these chapters. 
1.5.1   Molecular Motors Operating on Surfaces 
A second issue that needs to be addressed is to gain both positional and 
orientational order of the molecules. All systems discussed above operate in 
solution, and one approach to overcome the random Brownian motion 
surrounding the systems is to bring about order by immobilizing the motors on a 
surface. As a first step towards these surface immobilized systems, a second-
generation light-driven motor was immobilized successfully on a gold 
nanoparticle, to yield azimuthal motor 43 (Figure 1.21a).93 The use of nanoparticles 
as the surface allows performing all spectroscopy studies, needed to prove the 
molecular motor’s unidirectional rotary behavior, in solution, which greatly 
facilitates the analysis. In this system the lower half of the motor truly becomes the 
stator component, as this part is connected to the surface via two thiol 
functionalized legs, whereby it is prevented to freely rotate with respect to the 
surface (the use of only one attachment point would of course still allow 
uncontrolled free rotation of the entire system with respect to the surface). 1H 
NMR spectroscopy confirmed that the two photo-induced cis-trans isomerizations 
of the central double bond, each followed by the thermal helix inversion, induce a 
full and unidirectional 360° rotation of the propeller with respect to the surface-
mounted lower half of the system. A slightly higher barrier to the thermal helix 
inversions was found for the surface-bound motor compared to the same  
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molecular motor operating in solution, not bound to a surface. This effect was 
attributed to a reduction in the degrees of freedom due to it being grafted to a 
surface. In a subsequent study, instead of studying the rotation with respect to the 
nanoparticles that still rotate and translate freely through solution due to thermal 
Brownian motion, the true absolute rotation of the rotor upper-half of the motor 
relative to a flat surface was studied.94 The length and nature of the connecting legs 
were found to be a critical factor with the use of a gold surface, which is known to 
be able to act as an excited state quencher.95 Therefore, the distance of the 
photochromic unit to the gold needs to be large enough to permit the 
photochemical steps. In order to avoid these problems encountered with gold 
surfaces concerning the excited-state quenching suffered by the motor molecule, 
motor 44 was grafted to a quartz surface (Figure 1.21b). Moreover, the study of 
such a monolayer of motors by spectroscopic methods is much harder compared to 
the solution studies, due to the low signal-to-noise ratio involved. Verification that 
the lower (stator) half of the molecule was grafted to the surface through two 
points of attachment was proven with X-ray photoelectron spectroscopy (XPS). 
Correlation of the photochemical and thermal behavior of the motor in the 
monolayer to its counterpart in solution using CD spectroscopy was consistent 
with the molecular motor’s unidirectional rotary cycle. 
 
Figure 1.21 Second-generation light-driven rotary molecular motors 43 and 44 a) 
immobilized on a gold nanoparticle via thiol functionalized tethers and b) grafted on a 3-
aminopropyltriethoxysilane coated quartz plate, respectively. 
It is tempting to speculate that if one were able to orient the motors linked to the 
surface in the same direction, the collectively harnessed actions of this large 
number of motors operating in a consortium might generate forces large enough to 
a) b)  
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drive processes on the macroscopic level. This principle of macroscopic motion 
induced by collectively harnessed changes in molecular structure is the 
fundamental basis of muscular movement. An inspiration to this idea are several 
examples where surfaces modified with molecular switches generated systems that 
can perform work, in these cases the movement of large-scale objects. The 
reversible photochemically induced switching of surface grafted azobenzene- 
based molecular switches generated surface energy gradients that were used to 
translate liquid droplets deposited on top of this modified surface (Figure 1.22).96 
The trans isomers of the p-octyl azobenzene units stretch out to be exposed to the 
air. UV irradiation of the monolayer results in the conversion of the azobenzenes to 
the cis isomer with a higher dipole moment, leading to an increase in surface free 
energy. In order to compensate for this, a droplet of a liquid with an intermediate 
polarity placed on top of this surface will move in the direction of higher surface 
energy. 
 
Figure 1.22 Calix[4]resorcinarene 45 bearing four p-octyl-functionalized azobenzenes, which 
was used to form a photo-responsive monolayer on a surface, and a schematic 
representation of the light-driven motion of an olive oil droplet on the azobenzene 
monolayer. a→b) UV irradiation leads to a higher surface energy due to the higher dipole of 
the cis isomer of the azobenzenes. The olive oil spreads in the direction of higher surface 
energy, minimizing the surface area exposed to air. b→c→d) Asymmetric irradiation with 
blue light, leading to cis-to-trans isomerization of the azobenzenes, results in movement of 
the droplet in the direction of higher surface energy. Adapted with permission from 
reference [96]. Copyright 2000 AAAS. 
a) 
b) 
c) 
d)  
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The same principle was demonstrated using spiropyrane switches grafted on a 
surface.97 The collective action of a monolayer of rotaxane shuttles, in which the 
position of a small ring exposes or conceals a fluoroalkane station, was shown to 
have sufficient power to move a microlitre droplet of diiodomethane on a 
millimeter scale up a 12° incline.98 
In another example, a monolayer of bistable [3]rotaxane 46, of which the small 
rings are covalently attached to a gold surface, was used as a molecular muscle 
mimic (Scheme 1.13).99 The sequential addition of chemical oxidants and 
reductants leads to redox chemistry that drives the switching of the small rings 
between the different stations. This in turn changes the inter-ring distance, which 
induces a change in mechanical stress on one side of the cantilever. The combined 
effect of a monolayer of these bistable units operating collectively on a surface 
generates a force able to reversibly bend the microcantilever beam. 
 
 
Scheme 1.13 Palindromically constituted bistable [3]rotaxane 46 based molecular muscle, 
able to reversibly bend a cantilever beam upon switching of two of the stations between a 
neutral and positively charged form by redox chemistry. Adapted with permission from 
reference [4]. Copyright 2004 Macmillan Publishers Ltd. 
1.5.2   A Molecular Motor Performing Work 
It has been stated that the systems capable of performing controlled unidirectional 
circumrotation described in Section 1.4 do not qualify as molecular motors, as it 
has not been proven that they are able to perform work.11 However, it has recently  
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been shown that the light-driven unidirectional rotary molecular motors can 
perform work. The isomerizations involved with the rotation of a second-
generation molecular motor, embedded in a liquid crystal (LC) film, were 
demonstrated to induce the reversible rotation of the LC’s surface texture and a 
microscale object deposited on top of the LC film.100  
Due to the intrinsic helical shape of the motor, it is very effective in inducing a 
dynamic helical organization, called a cholesteric phase, in the LC film. 
Photoconversion of (M)-47 to (P)-47, involving an inversion of the helical structure 
of the motor molecule, results in a changing pitch of the cholesteric LC (Figure 
1.23). Initially, an elongation of the pitch is observed, until an infinite pitch is 
reached. Eventually, the pitch shortens again, as a cholesteric LC with the opposite 
screw sense is obtained. The thermal helix inversion, converting (P)-47 back to (M)-
47, leads to a reversal of these processes (these switchable cholesteric LCs are more 
extensively discussed in Chapter 5, Section 5.5.1). 
 
Figure 1.23 The photochemical and thermal isomerizations involved with the rotary cycle of 
second-generation motor 47, and a schematic representation of the cholesteric LC with a 
particular helical screw sense and pitch, induced by the two different isomers of the motor 
present in the LC matrix as a dopant.  
Figure 1.24 displays pictures of such a cholesteric LC with the helix axis parallel to 
the surface, viewed under a microscope equipped with cross-polarizers. Here, the 
distance between the lines corresponds to half a pitch length. During irradiation of 
a LC film doped with this molecular motor, together with a change in the distance  
 
 
   39 
 
 
 
 
Chapter1.doc 
Controlled Rotary Motion at the Molecular Level 
 
between the lines, a rotational reorganization of the polygonal fingerprint texture 
was observed (see subsequent micrographs in Figure 1.24). Depending on the 
chirality of the motor molecule, this rotational process took place clockwise or 
anticlockwise. During the subsequent thermal isomerization, the rotational 
reorganization took place in the opposite direction. Most remarkable was the fact 
that microscopic object, a glass rod of micrometer dimensions, which was placed 
on top of the film, rotated along with the texture of the LC. By optical profilometry 
and non-contact AFM it was shown that a surface relief, with a periodicity similar 
to the cholesteric pitch and an amplitude of up to 20 nm, changed its direction in a 
similar way as the texture of the LC during isomerization of the motor. This was 
suggested to generate a sufficient torque to achieve the unidirectional rotation of 
microscopic objects placed on top of the film. 
 
Figure 1.24 Pictures of the polygonal fingerprint texture of a LC film doped with second-
generation light-driven rotary molecular motor 47 (1 wt%) and a glass rod (5 × 28 µm) 
deposited op top of it, taken at 15 s time-intervals after the start of UV irradiation, showing 
the rotational reorganization of the LC film and the glass rod rotating along with it. 
Reproduced with permission from reference [100a]. Copyright 2006 Macmillan Publishers 
Ltd. 
In this way, by the harvesting of light energy and the collective action of these 
nanomotors, objects that exceed them in size by three orders of magnitude can be 
rotated in a unidirectional fashion. This macroscopic rotation, however, cannot be 
induced in a continuous way, as it is halted when the PSS is reached, and is 
reverted by the subsequent thermal isomerization of the motor. It must also be 
emphasized that in this system, the motors do not perform work via their rotary 
action but via the switching of their chiral structure. The described effects were 
also achieved when a chiral azobenzene-based switch was used as the switchable 
chiral dopant in the LC.100b, 101 
1.5.3   A Light-Driven Nano-Car? 
In a recent attempt to use these light-driven rotary motors to actually drive a 
multicomponent mechanical device on the molecular level, they were incorporated 
in the framework of prototype molecular car 48.102 In its design, four carborane 
groups that are expected to interact with and roll over an atomically flat surface,  
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due to their near-spherical three-dimensional structure, act as “wheels” and are 
covalently attached to the central motor unit (Figure 1.25a). The initial design 
featured the fullerene wheels that were also used in the systems described in 
Section 1.3.5, however, those were found to quench the photochemical processes103 
needed for the motor part to function properly. Unidirectional rotation of the 
central motor unit is anticipated to drive the molecular car forward over the 
surface, by a paddling mechanism (Figure 1.25b). Although the motor function was 
verified in solution, light-driven movement of this car over a surface was not yet 
demonstrated. A possible problem that might be encountered with this light-
driven molecular car is quenching of the photochemistry by the metallic surface, 
similar to what was observed with the light-driven molecular motors covalently 
grafted to a gold surface (see Section 1.5.1). 
   
Figure 1.25 a) Structural design of prototype for a light-driven molecular car 48, in which 
four carborane “wheels” are connected to a molecular frame that incorporates a light-driven 
molecular motor, and b) a schematic illustration of the “paddling” mechanism that is 
anticipated to drive the system forward. Adapted with permission from reference [102]. 
Copyright 2006 American Chemical Society. 
1.6   Conclusions and Contents of the Following Chapters104 
The fascinating examples of molecular machines given by Nature has served as a 
source of inspiration for researchers to design and build several elegant, artificial 
molecular systems in which rotary motion can be controlled in terms of speed and 
direction, driven by the input of energy, and even used to drive processes on the 
macroscopic level. Still, the field is in a developing stage and as yet no useful 
nanotechnological devices have been created based on these molecules: only time 
will tell to what extent these rotary motors can be exploited. At this point, a 
number of pressing issues remain to be resolved. In the case of the chemically 
a) b)  
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driven motor systems, a catalytically driven system needs to be developed, capable 
of continuous rotary behavior upon the input of one chemical energy source. Based 
on the light-driven motors, much faster movement over a longer time frame needs 
to be established. Eventually the challenge remains to develop nanomechanical 
systems based on these artificial rotary molecular motors that can drive directional 
movement along a certain trajectory and even transport some kind of cargo. 
Of all artificial rotary molecular motors developed thus far, the light-driven 
systems based on sterically overcrowded alkenes are by far superior, as only with 
them repetitive rotary movement using the input of an external energy source, 
simply by irradiation with light, is possible. These structures have been anchored 
to a surface without loss of function, and achievement of absolute unidirectional 
rotary motion on a surface instead of relative unidirectional motion in solution is a 
significant step towards nanotechnological devices. Furthermore, they are 
structurally far less complex than several of the other synthetic systems, a feature 
that has been exploited to generate a multitude of structural variations on the 
original design. This enables one to understand and manipulate their mode of 
action. In this way, also their rate of rotation can be tuned. As the slowest step in 
the rotation of the first-reported light-driven motor proceeded with a half-life of 
over 400 h under ambient conditions (t½ = 100 min at 60°C), one of the key 
challenges in taking these systems from discovery to application is to increase their 
rate of rotation. By meticulous improvement to the molecular design this issue has 
been addressed. In the following two chapters, first the rotary cycle is analyzed 
using a Gibbs energy profile, after which an overview will be given of the efforts to 
accelerate this rotary cycle by structurally modifying the molecules. 
The main subject of investigation in Chapter 2 is the effect of an electronic push-
pull substitution pattern on the rotary behavior of the molecular motor. The 
molecular design is based on the second-generation light-driven rotary motor 
described in this chapter, in which an electron donating amine moiety in the upper 
half and an electron withdrawing ketone functionality in the lower half of the 
molecule are introduced. The direct conjugation between the nitrogen and the 
ketone group, over the central olefinic bond, was expected to reduce the double 
bond character of the central olefin (the axis of rotation), resulting in a longer bond 
connecting the two halves and a reduced steric hindrance. In particular we were 
interested in the effect of this electronic push-pull substitution pattern on the 
thermal isomerization, as this is currently the rate determining step in the rotation 
cycle. The synthesis yielded one motor in which a protected amine moiety, being 
only weakly electron-donating, is present in the upper-half, and one motor 
containing the deprotected, and fully electron-donating amine in the upper half. 
Using UV/vis, CD and 1H NMR spectroscopy, the photochemical and thermal 
isomerizations of these new systems were studied, displaying a completely  
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different photochemical and thermal behavior for the molecule containing the 
protected amine compared to the system containing the deprotected amine 
functionality. 
Chapter 3 deals with the sub-family of these light-driven rotary motors possessing 
a fluorenyl-derived lower-half. With these systems, subtle structural variations 
appear to have a large influence on the energy barrier to the thermal helix 
inversion that limits the rotary speed. A re-design of the motor molecule is 
presented, in which the naphthalene moiety present in the upper half of the 
second-generation motor in its original design is replaced by a substituted phenyl 
group. During the thermal helix inversion of this system, instead of a naphthalene 
group, a sterically less demanding methoxy-substituted phenyl moiety passes the 
lower half of the molecule. This is anticipated to have a large influence on the 
energy barrier to this rotation rate limiting isomerization. Furthermore, the newly 
designed motor features a aryl-bromine moiety, facilitating further 
functionalization or coupling of multiple motor units onto a central scaffold. 
Chapter 4 focuses on a non-racemic synthetic route towards the second-generation 
light-driven rotary motors. Since their chirality plays a key role in providing 
unidirectionality to the rotation process, they are required in optically active form 
for many applications. The standard method in our group to obtain optically active 
motors employs a racemic synthesis route, after which a resolution on a chiral 
HPLC column has to be performed on a preparative scale. This methodology 
suffices when only small amounts of material are needed, for instance for a CD 
analysis. Recent developments in the group require larger quantities of 
enantiopure material, for instance when it is subjected to a number of subsequent 
synthetic steps or has to be grafted on a surface. Therefore, an asymmetric 
synthetic route towards these molecules was explored. A key step in their 
synthesis is the transformation of the upper half ketone to the corresponding 
hydrazone, which leads to full racemization under the reaction condition 
employed in the past. Therefore slightly altered reaction conditions, using silyl-
protected hydrazine as a reagent, were employed in order to investigate the 
possibilities to suppress racemization in this step. 
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Chapter 2 
Acceleration of Nanomotors; 
Electronic Control of the Rotary 
Speed of a Light-Driven 
Unidirectional Molecular Motor 
 
 
 
 
One of the key challenges in taking light-driven unidirectional rotary motors from 
discovery to application is to increase their rate of rotation, an issue that has been 
addressed in our group via meticulous improvement to the molecular design. In 
this chapter, a new design is presented, featuring an electronic push-pull 
substitution pattern over the central olefinic bond. The rate of rotation of one of 
these redesigned systems appeared to be significantly increased compared to all 
previously reported motor systems. The actual target molecule, featuring a true 
push-pull substitution pattern, appeared to display a different, although 
interesting, photophysical behavior than required for it to operate as a molecular 
motor.
∗ 
 
 
 
 
 
∗ Part of this chapter has been published: D. Pijper, R. A. van Delden, A. Meetsma, 
B. L. Feringa, J. Am. Chem. Soc. 2005, 127, 17612-17613.  
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2.1   Introduction 
The forces and motion created by nanometer-scale motors found in many complex 
natural systems are responsible for their proper functioning and crucial for 
numerous biological processes.1 The prototypical rotary motors, the bacterial 
flagellar motor and ATPase, operate alone,2 whereas linear systems, such as the 
muscle protein myosin and the transport proteins kinesin and dynein, operate in a 
consortium in which their actions are collectively harnessed.3 Driven either by the 
universal fuel molecule ATP or a transmembrane ion gradient causing an ion flux 
across a cell membrane, enormous directional forces can be generated, large 
enough to move objects many times their own size. The diversity of fascinating 
biological motors have been a source of inspiration for the development of several 
elegant, entirely synthetic linear and rotary molecular motors powered by light 
energy,4 chemical energy,5 and electron-transfer processes.6 Facing the challenge to 
construct artificial mechanical devices at the nano-scale, it has been noted that 
these molecular motors stand out as essential components to provide power to 
such systems.7 
The design of synthetic molecular-scale motors presents fundamentally new 
challenges when compared to conventional motors. To harness work from rotary 
molecular motors, two key issues have to be addressed. First of all, both positional 
and orientational order of the motors has to be gained, to ensure their collective 
action is not cancelled out and to achieve that their collective motion can result in a 
net force. This is the subject of several recent investigations on surface-grafted 
systems.8 Apart from this issue, unlike their macroscopic counterparts, molecular 
motors must fight or harness Brownian motion while converting energy into 
controlled motion.9 One challenge that must be met to realize this goal is to make 
their rotary action rapid enough to compete with this “Brownian storm” of 
molecular collisions and vibrations, which perpetually conspire to dissipate any 
directed motion.10 Nature’s prototypical rotary motor, ATPase, is capable of 
transforming the energy of the hydrolysis of approximately 390 molecules of ATP 
per second into rotational motion at a rate of 130 revolutions per second.11 In 
contrast, the slowest step in the rotation of the first artificial light-driven molecular 
motor  1 took on average over 400 h under ambient conditions, thus requiring 
elevated temperatures for continual rotation. The increase in the rate of rotation of 
these light-driven molecular motors has been a major focus of the research efforts 
in our group in recent years. 
In the following paragraphs, a short overview of the initial attempts to achieve this 
rate acceleration, by systematically redesigning the structures of these systems and 
exploring the sometimes subtle stereochemical, conformational, and  
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thermodynamic aspects of the isomerization processes involved with the rotary 
cycle, will be presented. Subsequently, a conceptually new approach to achieve a 
faster rotation rate, by an electronic effect on the thermal isomerization around the 
central double bond (the axis of rotation), is described. 
2.2   Rate Acceleration of Light-Driven Rotary Molecular Motors 
2.2.1   Energy Profile of the Rotary Cycle 
In order to gain a better insight into the sequential photochemical and thermal 
steps in the rotary cycle of light-driven molecular motor 1 (Figure 2.1a), a Gibbs 
energy profile is depicted in Figure 2.1b. In the first step, an energetically uphill 
process, the input of energy by the absorption of a photon by stable trans-1 leads to 
the generation of an exited state whose decay either leads back to the original 
isomer trans-1 or generate higher energy unstable cis-1. Prolonged irradiation leads 
to a photoequilibrium which strongly favors the formation of the unstable cis-1 
isomer (95:5, see Figure 2.1a), however this is not essential for unidirectionality of 
the rotation process. Unstable cis-1 is then converted to stable cis-1 via the 
energetically downhill thermal helix inversion process. Owing to the large energy 
difference (46 kJ mol–1) between the stable and unstable isomers, this step is 
irreversible. The third and fourth steps can be understood analogously. 
The rate of photochemical isomerization of a series of overcrowded alkenes has 
been investigated by femtosecond spectroscopy and found to be extremely fast 
(<300 ps).12 The thermal isomerization steps take place at much longer time-scales: 
the half-life times corresponding to these steps at room temperature for motor 1 
amount 32 min and 439 h for step 2 and 4, respectively. Thus, it is the Gibbs energy 
of activation to the thermal isomerization steps of the rotary cycle that is currently 
rate-limiting. Since the barrier to the thermal helix inversion in step 4 (Δ‡G° = 107 
kJ mol-1) is so much higher than in step 2 (Δ‡G° = 91 kJ mol-1), this step is rate-
limiting in this system. 
2.2.2   Increased Rate of Rotation by Structural Modifications 
After the discovery of this first light-powered rotary system, it became clear that in 
order to ever be of any practical use, the rotary cycle needed to be accelerated, as 
the parent system needed more than two weeks on average to complete one 
rotation cycle at room temperature. This issue has been addressed in our group by 
meticulous structural improvements on the molecular design. A structural 
variation on the initial system is depicted in Scheme 2.1.  
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Figure 2.1 a) Photochemical and thermal isomerizations involved with the unidirectional 
rotary cycle of light-driven molecular motor molecular motor 1, and b) the energy profile 
corresponding to the rotary cycle of 1. Reproduced with permission from reference [40]. 
Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA. 
a) 
b)  
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Scheme 2.1 Rotary cycle of 2, showing that the structural modification resulted in 
acceleration of the cis helix inversion and deceleration of the trans helix inversion step and 
that the thermal isomerization is a stepwise process proceeding through an (M,P) 
intermediate. 
In 2, the methyl substituents at the stereogenic centers were replaced by isopropyl 
groups.13 It was anticipated that increased steric bulk at the stereogenic centers 
would lead to a destabilization of the ground state energies of the unstable isomers 
relative to that of the stable isomers and in particular the transition state energy, 
lowering the Gibbs energy of activation to the thermal helix inversions. This 
hypothesis seemed to hold for the conversion of unstable cis-2 to the stable cis 
isomer: even at temperatures as low as -60°C, unstable cis-2 could not be trapped 
and analyzed. In sharp contrast to this result, unstable trans-2 appeared to be  
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remarkably stable: heating to 110°C for seven days was required for the thermal 
conversion to stable trans-2 to complete. Analysis of this slow process even 
revealed that the helix inversion takes place in two sequential steps: (M,P)-trans-2, 
in which only one of the naphthalene moieties has slipped past the opposite half of 
the molecule, was isolated as an intermediate. 
 
Scheme 2.2 Rotary cycle of 3, showing that decrease of the size of the rings fused to the 
central double bond to five-membered rings leads to an accelerated system. 
The next approach was to contract the six-membered rings fused to the 
overcrowded central double bond to five-membered rings (Scheme 2.2).14 This was 
anticipated to reduce the steric demands on both helix inversions. It did indeed 
lead to a dramatic ~105-fold acceleration of the trans helix inversion step, but 
almost no change in the rate of the cis helix inversion step was observed (in fact, ~ 
two-fold slower!). This difference in behavior highlights how the structural 
features governing the Gibbs energy barriers to cis and trans helix inversion steps 
can be quite different. 
2.2.3   Second-Generation Molecular Motors 
The second-generation design (discussed in Chapter 1) allowed probing the effects 
of small changes in structure with greater facility than the first-generation  
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system.15 A series of motors was prepared with various atoms X and Y bridging 
the upper and lower halves, respectively (Table 2.1). Exchanging these bridging 
atoms in certain cases resulted in dramatic changes in the Gibbs energy barrier to 
the thermal helix inversion. For example, exchanging the bridging atom X in the 
u p p e r - h a l f  f r o m  t h e  l a r g e r  s u l f u r  a t o m  i n  5 (C–S bond length = 1.77 Å)16 to a 
methylene (C–C bond length 1.54 Å) in 8 resulted in the 300-fold acceleration of the 
thermal isomerization step at room temperature, from 233 h (Δ‡G° = 106.0 kJ mol–1) 
t o  o n l y  3 9  m i n  ( Δ‡G° = 91.8 kJ mol–1). An explanation for this effect could be 
shortening of the bond length of the bridging atom X, which should result in tilting 
of the naphthalene moiety, thereby reducing its steric interactions with the lower-
half of the molecule in the so-called fjord region of the molecule. This should 
facilitate the passage of the naphthalene group along the lower-half of the 
molecule, lowering the energy barrier to this thermal helix inversion step. This 
explanation might, however, be to simplistic, as the shortening of the bond length 
is accompanied by a reduction of the angle of the C–X–C bond. 
Table 2.1 Kinetic parameters for the thermal helix inversion of second-generation motors 4 - 
10 with various bridge atoms X and Y. 
 
motor X  Y  R  k (20°C)  
[s-1] 
Δ‡G° [kJ mol-1] 
t½ (20°C)  
[h] 
trans-4 S  S  OMe  1.04.10-6 105  184 
5  S S H  8.95.10-7 106  215 
6  S O H  7.32.10-6 101  26.3 
7  S C(CH3)2 H  8.26.10-7 106  233 
8  CH2  S H  2.89.10-4 91.8  0.67 
9  CH2  C(CH3)2 H  9.59.10-5 94.4  2.01 
10  CH2  CH=CH H  3.21.10-6 103  60.1 
 
Modification of the bridging function Y in the lower-half of the molecule had a less 
pronounced effect on the thermal isomerization barrier than modification of X. 
Exchanging the larger sulfur atom of 5 for the smaller oxygen atom in 6 (Y = S→O, 
C-O bond length = 1.39 Å) results in a decrease in the Gibbs free energy of 
activation for the helix inversion at room temperature by 5.1 kJ mol-1, thus 
enhancing the isomerization rate by a factor of eight. When Y was exchanged from  
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S in 8 to C(CH3)2 in 9, the helix inversion barrier was found to increase by 2.6 kJ 
mol–1 (Δ‡G° = 91.8→94.4 kJ mol–1). The size of the bridging atom does not change a 
lot in going from oxygen to carbon (in fact, carbon is slightly smaller), however the 
presence of the methyl substituents on carbon where oxygen bears two electron 
lone pairs probably introduces additional steric constraints on the lower-half of the 
molecule. When Y was replaced with “CH=CH” in 10, the isomerization was 
retarded to a half-life of 60.1 h at room temperature. This lower-half not only 
contains the “bulkiest” Y group of all molecules presented in this series, due to 
conjugative requirements it also prefers to remain conformationally as flat as 
possible, effectively lowering its flexibility. These examples clearly illustrate the 
potential for tuning of the rotation speed by reduction of bond lengths around the 
bridging atoms, although the net outcome is complicated by additional effects. 
2.2.4   Tuning of the Thermal Isomerization Barrier by Electronic Effects 
In order to obtain a motor that functions under the influence of visible light, a 
dimethylamino and a nitro group were introduced on the two different sides of the 
lower-half of a second-generation motor (11 in Figure 2.2a).17 This asymmetric 
donor-acceptor substitution pattern was already shown to result in a red-shifted 
UV/vis absorption for previously developed chiroptical switch 12 (Figure 2.2b), 
which is structurally identical to 11 except for the methyl substituent.18 Yet, the 
substitution did not only have a significant effect on the photochemical behavior of 
11. Compared to unsubstituted motor molecule 5, also the rate of the thermal 
isomerization steps appeared to be dramatically increased. The energy barriers for 
both of the thermal helix inversions in the rotary cycle of 11, the conversion of 
unstable (P)-trans-11 to stable (M)-trans-11 (Δ‡G° = 92.7 kJ mol–1) and unstable (P)-
cis-11 t o  s t a b l e  ( M)-cis-11  (Δ‡G° = 93.6 kJ mol–1), were much lower than of 
unsubstituted 5 (Δ‡G° = 105.6 kJ mol–1). The conversion of the unstable (P)-trans to 
the stable (M)-trans isomer was also monitored for 13,  containing a  protonated 
amino functionality  (Figure 2.2c). The energy barrier was found to be strongly 
increased (Δ‡G° = 101.1 kJ mol–1), back to a value close to that of unsubstituted 5. 
This raise of the energy barrier upon protonation of the amino group does not 
necessarily originate from an electronic effect, however: it could also be the result 
of the changed steric profile of the amino group. Interestingly, the donor-acceptor 
substitution pattern introduced in the lower half of chiroptical switch 12 (Figure 
2.2b) has no effect on its racemization barrier (only reported for trans-12: Δ‡G° = 
122.2 kJ mol–1, for the unsubstituted switch: Δ‡G° = 120.9 kJ mol–1), a process 
comparable to the thermal helix inversion of the molecular motors. This indicates 
that the lowered energy barrier of motor 11 compared to that of 5 does not 
originate from stabilization of the transition state, but rather from destabilization of 
the ground state of the unstable isomer of the motor. In order to draw more  
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definitive conclusions on the effect of this substitution pattern on the thermal helix 
inversion, a larger set of motor molecules, for instance bearing only an electron-
donating or electron-withdrawing substituent, introduced on a position where 
they do not sterically interfere with the parts of the motor that slip past each other 
during this isomerization step, has to be studied. 
 
Figure 2.2 a) Donor-acceptor substituted second generation molecular motor 11, b) 
chiroptical switch 12 and c) protonated molecular motor 13. 
Subsequently, the idea was drawn up to change the relative positions of the two 
substituents: the donor in the upper and the acceptor in the lower-half of the 
molecule. Previously, chiroptical switch 14 was developed in our group which 
contained the amino donor group in the upper-half and the nitro acceptor group in 
the lower-half of the molecule (Figure 2.3a).19 In case of the cis isomer, the two 
substituents are close together leading to a strong dipole interaction, which is 
absent in the trans isomer. This results in the fact that irradiation with any 
wavelength of light leads to photoequilibria that strongly favor the cis isomer. 
Switching to a state of excess trans-14 was only possible in a polar solvent such as 
dichloromethane, with >435 nm light. In this spectral range the cis isomer simply 
has a higher extinction coefficient, leading to a shift of the photoequilibrium 
towards the trans isomer. However, also under these conditions a trans:cis ratio of 
only 55:45 was obtained. The racemization barrier was only determined for the cis 
isomer (Δ‡G° = 107 kJ mol–1), and was found to be much lower than the 
racemization barrier of 12 and the unsubstituted switch. This result suggests that 
the energy barrier to the thermal helix inversion of the molecular motors can be 
lowered further by introducing donor and acceptor substituents in the upper and 
lower-half of the molecules. Important to note is the fact that no direct conjugation 
pathway exists between the electron-donating dimethylamino group in the upper-
half and the electron-withdrawing nitro group in the lower-half of 14. An 
indication that a direct conjugation pathway over the central double bond can even 
further reduce the helix inversion barrier was given by compound 15 (Figure 2.3b). 
At the time this compound was studied, no conditions could be found to resolve 
this compound by chiral HPLC in terms of available analytical chiral HPLC 
columns and eluent combinations.20 These findings were interpreted as an 
a) c)  b)  
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indication that the energy barrier to thermal racemization of 15 is extremely low, 
resulting in fast racemization on the HPLC column. The zwitterionic resonance 
structure that can be drawn for the compound, which would reduce the bond 
order of the central double bond facilitating the racemization process, was given as 
a possible explanation. A more detailed analysis of the racemization barrier of 15, 
for instance by NMR techniques such as EXSY, was not performed however, 
making this conclusion rather premature. 
 
Figure 2.3 a) Chiroptical molecular switch 14, with an electron donating dimethylamino 
group in the upper and an electron withdrawing nitro group in the lower-half of the 
molecule and b) the proposed zwitterionic resonance contribution of 15, leading to partial 
single bond character in the central alkene. 
In the remainder of this chapter a conceptually new attempt to further decrease the 
energy barrier to the thermal helix inversion of second-generation light-driven 
rotary motors in order to further increase their rate of rotation, by the introduction 
of an electronic push-pull effect over the central alkene, is described. 
2.3   Introduction of an Electronic Push-Pull Effect on the Central 
Olefinic Bond of a Light-Driven Molecular Motor 
2.3.1   Molecular Design 
The introduction of an amine moiety in the upper-half of a second generation 
molecular motor, in combination with a lower-half possessing an electron-
withdrawing ketone functionality, positioned so as to give the possibility of 
resonance donation through the central alkene, led to the design of 16 (Scheme 2.3). 
The lone pair electrons of the amine moiety can be delocalized by direct 
conjugation, along the central double bond, with the ketone functionality in the 
other half of the molecule. This electronic push-pull effect was anticipated to create 
a large effect on the central olefinic bond21 as a resonance structure, with a single 
bond as the central axis of the rotor, can be drawn. The reduced double-bond 
a) b)  
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character, and hence lengthening, of the central olefinic bond should lead to a 
reduced steric hindrance and therefore lowered energy barrier to the helix 
inversion, without disturbing the photochemical cis-trans isomerization steps to 
much and leaving the unidirectionality of the rotation process intact. 
 
Scheme 2.3 Proposed resonance contribution of the zwitterionic form, leading to partial 
single-bond character in the central alkene, which should facilitate the thermal helix 
inversion for light-driven molecular motor 16. 
2.3.2   Synthetic Strategy 
A retrosynthetic analysis for donor-acceptor functionalized molecular motor 16 is 
shown in Scheme 2.5. The crucial step in the synthesis is the coupling of the two 
halves of the molecule forming the central, overcrowded, olefinic bond. After an 
extensive survey of potential coupling methods, De Lange in our group developed 
a suitable and reasonably efficient synthesis method of these sterically 
overcrowded molecules.22 I n  t h i s  S t a u d i n g e r - t y p e 23 diazo-thioketone coupling 
method, also referred to as the Barton-Kellogg reaction,24 steric hindrance is 
gradually increased via a sequence of exothermic reactions, depicted for the 
synthesis of motor 5 in Scheme 2.4. Starting with a highly reactive thioketone and 
diazo compound, first the high energy five-membered thiadiazoline intermediate 
20 is formed via a 1,3-dipolar cycloaddition, from which nitrogen eliminates to 
form three-membered episulfide 21. In the final step, sulfur extrusion affords the 
desired alkene.25 
The direct mono-thionation of anthraquinone initially appears as an attractive one-
step synthesis of thioketone 25, however Cava and coworkers reported that this 
procedure leads only to the formation of oligomers and polymers.26 A convenient 
alternative method was described by Raasch and coworkers, which starts of from 
anthrone.27 Facile synthesis of compound 27, precursor of the upper-half ketone 24, 
at first glance should start from 2-aminonaphthalene as the starting material. One 
would like to avoid the use of this compound during the synthesis however, owing 
to its high carcinogeneity. A much more convenient synthesis of 27, a one step  
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Ullman coupling of β-amino acid 29 and 2-bromonaphthalene 28, was therefore 
pursued. 
 
Scheme 2.4 The stepwise increase in steric overcrowding of the central double bond via the 
diazo-thioketone coupling illustrated for the synthesis of second-generation molecular 
motor 5. 
The first step in the synthesis of upper-half ketone 24 is a copper-catalyzed Ullman 
coupling between β-alanine  29 and 2-bromonaphthalene 28, using potassium 
carbonate as a base. The followed procedure was developed by Ma and 
coworkers,28 and required three days of heating to 100°C in DMF to yield 
compound 27 in 65% yield, yet in one step (Scheme 2.6). Friedel-Crafts cyclization 
of 27 was achieved by treatment with polyphosphoric acid at 110°C, yielding 24 in 
70%. Overnight reflux in a 1:1 mixture of hydrazine and ethanol converted ketone 
24 to hydrazone 23, which after a crystallization from diethyl ether was obtained in 
38% yield. 
(Mono)-thioanthraquinone  25 was prepared treating anthrone 26 with p-
toluenesulfonyl azide, prepared in situ, and piperidine as a base, to give 
diazoanthrone  30 in 80% yield (Scheme 2.7). The reaction of 30 with elemental 
sulfur at 150°C in DMF, clearly observed by the evolution of nitrogen gas and a 
color change to deep green, yielded the desired thioketone lower-half in 41%.  
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Scheme 2.5 Retrosynthetic analysis of donor-acceptor functionalized molecular motor 22. 
 
Scheme 2.6 Synthesis of upper-half hydrazone 23. 
 
Scheme 2.7 Synthesis of lower-half thioketone 25.  
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In order to couple the two halves via the Barton-Kellogg methodology discussed 
above, first oxidation of the hydrazone upper-half to the diazo compound is 
required (Scheme 2.8). Optimized conditions employed for this reaction are based 
on the use of Ag2O as the oxidant, a few drops of a saturated KOH solution in 
methanol as the base and MgSO4 as an additive.22,29 The temperature has to be kept 
below 0°C, due to the instability of the diazo compound to be formed. The 
formation of this species is readily observed, owing to its deep red-purple color. 
Without purification, a quick filtration to remove all the salts followed by the 
addition of a solution containing the lower-half thioketone, normally leads to the 
formation of the desired episulfide. In the case of hydrazone 23, addition of the 
reagents described above lead to a color change to orange-brown instead of red. 
Filtration and addition of the thioketone gave a complex mixture of compounds, 
which however clearly did not contain the desired episulfide. A probable 
explanation for this failing reaction is the high reactivity of diazo compound 31, 
owing to its electron-rich nature that originates from the direct conjugation 
between the diazo moiety and the electron donating amine. It is known that the 
stability of these diazo compounds is strongly influenced by electron-withdrawing 
or donating groups in conjugation with these electron-rich functionalities.29a 
Whereas for instance diazoanthrone 30 i s  s t a b l e  e n o u g h  t o  b e  i s o l a t e d ,  
diazoxanthone (in which the electron-withdrawing ketone moiety is replaced by an 
electron-donating oxygen atom) is highly reactive giving the corresponding azine 
dimer.30 
 
Scheme 2.8 Attempted synthesis of episulfide 32 via oxidation of upper-half hydrazone 23. 
To explore the possibility that protection of the aniline could obviate these side 
reactions, a tert-butoxycarbonyl (Boc) protecting group was introduced. This 
reduces the electron-donating character of the nitrogen, and therefore could 
possibly result in a more stable diazo compound. In a later stage of the synthesis, 
once the overcrowded alkene is successfully formed, this protecting group can be 
readily removed under acidic conditions.  
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Scheme 2.9 Synthesis of molecular motor 37 via Boc-protected upper-half hydrazone 34. 
Treatment of ketone 24, containing the free amine, with di-tert-butyl dicarbonate in 
the presence of a catalytic amount of dimethylaminopyridine at ambient 
temperatures gave upper-half ketone 33, with a Boc-protected amine, in 
quantitative yields (Scheme 2.9). Overnight refluxing of this ketone in a 1:1 mixture 
of hydrazine and ethanol fortunately did not lead to hydrolysis of the carbamate 
moiety, but provided hydrazone 34 after a crystallization from ether in 71% yield 
as a white powder. The oxidation of hydrazone 34, containing a Boc-protected 
amine moiety, to corresponding diazo compound 35, appeared to be feasible. 
Within minutes after the addition of the oxidizing agent at 0°C, a clear color 
change to pink-red was observed, and in some occasions even only the addition of 
the Ag2O was sufficient. A quick filtration was followed by the addition of 
thioketone 25, upon which a direct evolution of gas bubbles (N2) was observed 
accompanied by a disappearance of the pink color (eventually a light-green 
solution was obtained if a slight excess of thioketone had been added), to give 
episulfide 36 in 58% yield. Subsequently, desulfurization using triphenylphosphine 
yielded desired alkene 37 in 92% yield.  
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2.3.3   Photochemical and Thermal Isomerization Studies 
Although the electron donating character of the nitrogen in its upper-half is 
severely diminished by the presence of the Boc group, it is still significant. 
Moreover, alkene 37 i s  a l r e a d y  a n  i n t e r e s t i n g  s y s t e m  a s  i t  w o u l d  b e  t h e  f i r s t  
molecular motor containing a quinone-type lower-half, and the presence of its 
carbonyl moiety alone could have a large impact on the isomerization behavior of 
the system. Therefore, to validate its operation as a molecular motor (Scheme 11), 
first the photochemical and thermal isomerization steps of alkene 37 were studied 
in detail using low-temperature UV/vis, CD and 1H NMR spectroscopies. First, 
enantioresolution was achieved by HPLC using a chiral stationary phase: 
separation of (2’R)-(M)-37 and (2’S)-(P)-37 was feasible on a Chiralcel AD column 
upon elution with n-heptane:iso-propanol in a ratio 90:10. 
 
Scheme 2.10 Expected photochemical and thermal isomerization of 37. 
 
Figure 2.4 UV/vis (a) and CD (b) spectra (n-hexane) of stable (2’R)-(P)-37 (solid line), the 
PSS mixture with stable (2’R)-(P)-37 and unstable (2’R)-(M)-37 (dotted line) after irradiation 
(λ >280 nm) (the spectral changes fully reversed after 30 min at 20°C in the dark). 
a) b)  
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A sample of (2’R)-(P)-37 in n-hexane was irradiated (λ >280 nm) at -10°C, resulting 
in the appearance of a distinct band around 450 nm in the UV/vis spectrum 
(Figure 2.4a). Upon irradiation under identical conditions in more polar solvents, a 
shift of this new band towards longer wavelengths was observed. The positive 
solvatochromism of the long-wavelength band of the unstable isomer indicates 
intramolecular charge transfer nature for the corresponding transition.31 Also a 
change in sign of the main CD absorptions was observed (Figure 2.4b), indicative 
for the inversion of the intrinsic helicity of the molecule involved with the 
conversion to (2’R)-(M)-37. Based on the changes in the CD spectrum at the 
wavelengths of maximal absorption, the (2’R)-(P)-37 to (2’R)-(M)-37 ratio at the 
photostationary state (PSS) can be estimated at 35:65. Upon irradiation (λ >280 nm) 
of a sample of racemic stable 37  in toluene-d8 for 15 h at -80°C, new signals 
corresponding to the unstable isomer appeared in the 1H NMR spectrum. At low 
temperature, all signals of 37 are split up, due to the fact that the rotation in the 
carbamate moiety is frozen out and the two rotamers are distinguishable in the 1H 
NMR spectrum. The signals of the methyl substituent (doublets at 0.05 and 0.13 
ppm), which adopts an axial orientation in the stable isomer, shift downfield (0.61 
and 0.79 ppm) as a result of the equatorial orientation which is forced to be 
adopted by the methyl group in unstable 37. 
 
Figure 2.5 a) CD absorptions (at 274 nm, in n-hexane) monitored in time for the conversion 
of (2’R)-(M)-37  to  (2’R)-(P)-37  at -10°C and 0°C; b) Eyring plot for this thermal helix 
inversion. 
Upon standing in the dark for 30 min at 20°C, the spectra corresponding to the 
stable isomer (2’R)-(P)-37 were fully restored. In order to determine the kinetics of 
the second step in the anticipated rotary cycle, the thermal helix inversion of (2’R)-
(M)-37 to (2’R)-(P)-37, the irradiated sample containing a PSS mixture was kept at 
constant temperature (ranging from -20°C to 20°C) in the dark and the CD signal at 
274 nm was monitored in time (Figure 2.5a). The rate constants (k) of the first-order 
process allowed the determination of the Gibbs energy of activation, using an 
b)  a)  
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Eyring plot (Figure 2.5b): Δ‡G° = 81.7 kJ mol-1. The measured half-life of the 
thermal helix inversion at room temperature was only 40 s, showing that this 
motor molecule was much faster than any of the previously developed systems at 
that time. 
2.3.4   Desymmetrization of the Lower-Half 
Since 37 contains a symmetric lower-half, just one photochemical and one thermal 
isomerization step, each accompanied by a helix inversion, convert the olefin to its 
initial isomer. To be able to identify the four distinct steps that define a full 360° 
rotary cycle as shown in Scheme 2.13, the lower-half of this molecular motor was 
desymmetrized by the introduction of a methoxy substituent. To this end, 
synthesis of methoxy-desymmetrized lower-half thioketone 42 was required 
(Scheme 2.11). According to a procedure developed by Neumann and coworkers,32 
2-chloroanthraquinone  38 was treated with sodium methoxide in refluxing 
methanol for 3 days, which lead to conversion to 2-methoxyanthraquinone 39 in 
72% yield. Selective reduction of this anthraquinone derivative was achieved 
following a procedure developed by Attree and Perkin,33 by the use of elemental 
copper in sulfuric acid at 40°C, giving 2-methoxyanthrone 40 in 87% yield. By the 
same sequence of steps as described for the conversion of anthrone 26 to 
thioanthraquinone  25, synthesis of 2-methoxythioanthraquinone  42 was 
accomplished. 
 
Scheme 2.11 Synthesis of methoxy-substituted lower-half thioketone 42. 
The use of thioketone 42 in the diazo-thioketone reaction as described before, 
yielded episulfide 43 in 62% yield, as a mixture of the geometrical cis and trans 
isomers (Scheme 2.12). Without their separation, this mixture was used in the next 
step, where desulfurization by triphenylphosphine yielded alkene 44 in 77%.  
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Scheme 2.12 Synthesis of molecular motor 44, containing a methoxy-substituted lower-half. 
Episulfide 43 and alkene 44 are obtained as a mixture of the cis- and trans-isomers, only the 
trans-isomers are shown. 
2.3.5   Separation and Characterization of the Isomers 
Methoxy-substituted molecular motor 44 was isolated as a mixture of cis and trans 
isomers, which were separated by column chromatography over silica using a 8:1 
mixture of n-pentane and ethyl acetate as the eluent. A strong piece of evidence in 
assigning the cis and trans geometrical isomers is the chemical shift of the signal 
belonging to the methoxy substituent. Shielding of the methoxy protons by the 
naphthalene moiety in the upper-half of the cis isomer causes an upfield shift (2.91 
ppm) of this signal compared to the methoxy signal in the spectrum of the trans 
isomer (3.96 ppm). The structure of geometrical isomer trans-44 was unequivocally 
assigned by single crystal X-ray analysis (Figure 2.6). 
Suitable crystals were obtained from a solution in dichloromethane via slow 
evaporation under n-pentane atmosphere. As shown in Figure 2.6b, the six-
membered heterocyclic ring in the upper-half of the molecule adopts a twisted 
boat-like conformation that was observed before with structurally analogous 
chiroptical switches and molecular motors,15,18 in order to minimize the amount of 
steric interactions with the lower-part of the molecule. The methyl substituent  
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adopts a pseudo-axial orientation, which allows it to point away from the lower 
half of the molecule, also minimizing steric interactions with the lower-part of the 
molecule. The lower-half of the molecule adopts a folded structure, resulting in an 
overall helical shape of the molecule which is similar to that of previously 
described second-generation molecular motors. The bond length of the central 
olefin amounts 1.352 Å, which is not significantly elongated compared to 
previously described systems. 
 
Figure 2.6 a) Cis and trans isomers of new molecular motor 44; b) Pluto drawing of (2’S*)-
(P*)-trans-44. One enantiomer shown for both isomers, this structure does not express the 
absolute stereochemistry of the molecule. 
2.3.6   Photochemical and Thermal Isomerization Studies 
The photochemical and thermal isomerization processes of 44 were also 
investigated with low temperature UV/vis, CD and 1H NMR spectroscopies. 
Analogous to compound 37, irradiation of both a solution of (2’R)-(M)-cis-44 and of 
(2’R)-(M)-trans-44 in n-hexane (-10°C, λ >280 nm) led to the appearance of an 
absorption band in the UV/vis spectrum (~ 450 nm) and an inversion of the major 
CD signals (Figure 7). Again, these spectral changes are indicative for the change in 
the helicity of the molecule involved with the conversion to the thermally unstable 
isomers (2’R)-(P)-trans-44 and (2’R)-(P)-cis-44 (Scheme 2.13). Upon irradiation (λ 
>280 nm) of a sample of racemic stable cis-44 in toluene-d8 for 5 h at -80°C, new 
absorptions corresponding to the unstable isomer appeared in the 1H NMR 
spectrum. Again, all signals of 44 are split up, due to the fact that the rotation in 
the carbamate moiety is frozen out at low temperature. The absorptions from the 
methyl substituent (doublets at 0.06 and 0.19 ppm), which adopts an axial 
orientation in the stable cis-44 isomer, shift downfield (0.67 and 0.82 ppm) as a 
result of the equatorial orientation which it adopts in this unstable trans-44 isomer. 
a) b)  
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Also, the signals for the methoxy group (singlets at 2.47 and 2.63 ppm) shifted to 
considerably lower field (2.92 and 3.22 ppm) corresponding to the cis-to-trans 
isomerization. These shifts of signals in the 1H NMR spectra upon 
photoisomerization are similar to those observed with previously described 
second-generation molecular motors.15 Irradiation under identical conditions of a 
sample of racemic stable trans-44 resulted in a similar shift of the signal of the 
methyl group (from 0.13 and 0.18 ppm to 0.70 and 0.87 ppm), indicating the change 
from an axial to an equatorial orientation. The signals of the methoxy group shifted 
upfield (from 3.08 and 3.14 ppm to 2.43 and 2.88 ppm), corresponding to the trans-
to-cis isomerization.  
 
Figure 2.7 UV/vis (a) and CD (b) spectra (n-hexane) of stable (2’R)-(M)-cis-44 (solid line), the 
PSS mixture with stable (2’R)-(M)-cis-44 and unstable (2’R)-(P)-trans-44 (dotted line) after 
irradiation (λ >280 nm) (step 1 in rotation cycle), and the mixture of stable (2’R)-(M)-cis-44 
and stable (2’R)-(M)-trans-44 (dashed line) after irradiation and standing in the dark for 30 
min at 20°C (step 2); UV/vis (c) and CD (d) spectra (n-hexane) of stable (2’R)-(M)-trans-44 
(solid line), the PSS mixture with stable (2’R)-(M)-trans-44 and unstable (2’R)-(P)-cis-44 
(dotted line) after irradiation (λ >280 nm) (step 3 in rotation cycle), and the mixture of stable 
(2’R)-(M)-trans-44 and stable (2’R)-(M)-cis-44 (dashed line) after irradiation and standing in 
the dark for 30 min at 20°C (step 4). 
a) b) 
c) d)  
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After leaving the samples standing in the dark for 30 min at 20°C, the long 
wavelength absorption band in the UV spectra had disappeared and the major CD 
absorptions had inverted back to their original sign, consistent with the thermal 
helix inversion taking place leading to the formation of the stable geometrical 
isomers. In the 1H NMR spectrum, conversion of unstable trans-44 to the expected 
stable trans isomer with an axial methyl group (0.13 and 0.18 ppm) was observed. 
No major shift of the methoxy signals was observed, which therefore still 
correspond to the trans isomer. In an analogous fashion, conversion of unstable cis-
44 to the stable cis isomer with an axial methyl group (0.06 and 0.19 ppm) was 
confirmed. 
 
Scheme 2.13 Photochemical and thermal isomerization processes involved with the 
unidirectional rotary cycle of molecular motor 44. Competing thermal processes are the 
forward helix inversion (major pathway) and the backward double-bond isomerization 
(minor pathway). 
Due to the thermal instability of (2’R)-(P)-trans-44 and (2’R)-(P)-cis-44, the PSS ratio 
at the photoequilibria cannot be determined directly. However, after the thermal 
conversion, the amount of unstable isomer in the PSS mixture is reflected by the 
amount of the stable geometrical isomer formed. Using HPLC analysis of the 
mixture of (2’R)-(M)-cis-44 and (2’R)-(M)-trans-44 obtained after the photochemical 
and thermal isomerization steps, the ratio of stable (2’R)-(M)-cis-44 and unstable  
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(2’R)-(P)-trans-44 in the PSS of the first photoequilibrium (step 1 in Scheme 2.13) 
was determined at 49:51; in the same way the PSS ratio of stable (2’R)-(M)-trans-44 
and unstable (2’R)-(P)-cis-44  of the second photoequilibrium (step 3 in Scheme 
2.13) was determined at 44:56. These results indicate PSS ratios which do not 
strongly favor the unstable isomers in the way that was found for previously 
reported motors. They also deviate from the changes observed in the CD curves: 
upon irradiation of both (2’R)-(M)-cis-44 and (2’R)-(M)-trans-44 a lower intensity 
but clearly inverted CD absorption is obtained, indicating a small excess of the 
unstable isomers at the PSS, so at least PSSs of 65:35 in favor of these isomers are 
expected. A closer examination of the integrals of the signals in the 1H NMR 
spectra of the low temperature irradiation experiments revealed that indeed a 
significant amount, about 20%, of the photochemically formed unstable isomers 
are thermally converted back to the original stable isomers via a cis-trans 
isomerization pathway (Scheme 2.13). This thermal isomerization pathway has 
never been observed with any of the previously described light-driven molecular 
motors based on overcrowded alkenes. It should be emphasized that this 
backward thermal pathway leaves the overall unidirectionality intact, as steps 2 
and 4 are still strictly unidirectional, as evidenced by 1H NMR analysis. 
 
Figure 2.8 a) Eyring plot for the thermal conversion of a) (2’R)-(P)-trans-44 to the stable 
isomers (predominantly (2’R)-(M)-trans-44)  and b) (2’R)-(P)-cis-44 to the stable isomers 
(predominantly (2’R)-(M)-cis-44). 
Investigation of the kinetics of the two thermal isomerization steps in the rotary 
cycle of 44 brought about another interesting finding: the Gibbs energy barriers to 
these helix inversions appeared to be significantly raised compared to the barrier 
determined for motor 37 which contains a symmetrical lower-half. In the same way 
as described for motor 37, the following Gibbs energies of activation were 
determined: Δ‡G° = 84.7 kJ mol-1 (t1/2 = 124 s at 20°C) for the conversion of unstable 
(2’R)-(P)-trans-44 to the stable isomers, Δ‡G° = 85.1 kJ mol-1 (t1/2 = 173 s at 20°C) for 
the conversion of unstable (2’R)-(P)-cis-44 to the stable isomers (for the 
a) b)  
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corresponding Eyring plots, see Figure 2.8).34 A slightly raised energy barrier of the 
thermal isomerization upon introduction of a methoxy substituent on this position 
in the lower-half of second generation motors, ascribed to enhanced steric 
interactions between the two parts of the molecule that slip past each other during 
the thermal step, has been observed before,15,35 but not to the extent of a three-fold 
increase of the half-life of the thermally unstable isomer at room temperature. A 
reasonable explanation for this effect seems the fact that the methoxy group is in 
conjugation with the carbonyl group in the lower-half of the molecule, thereby 
lowering its electron withdrawing capabilities. This would indicate that the 
electron withdrawing character of the carbonyl moiety indeed plays a significant 
role in decreasing the energy barrier to the thermal helix inversion, thereby 
enhancing the rate of rotation of this molecular motor. 
2.4   A True Push-Pull System 
2.4.1   Synthesis and Characterization of the Isomers 
The finding that the rotary speed of motors 37 and 44, containing a Boc-protected 
amine in the upper-half, already appeared to be strongly enhanced compared to all 
systems previously developed in our group, caused great expectations with respect 
to the rotary speed of the actual target motor 16, containing an unprotected and 
stronger electron-donating amine group in the upper-half of the molecule. 
Removal of the Boc protecting group was achieved by treatment with 
trifluoroacetic acid, which initially gave compound 22, containing a secondary 
benzylic amine group in the upper-half of the molecule that stands in direct 
conjugation with the lower-half carbonyl moiety. This compound was found to be 
rather unstable as it gradually converted into compound 46, which was isolated 
and characterized by 1H and 13C NMR spectroscopy and mass spectrometry. The 
formation of 46 suggests an initial isomerization to 45, by electron donation and a 
proton shift from the amine moiety in the upper-half, over the central double bond, 
to the carbonyl in the lower-half of the molecule. This yields an aromatized and flat 
anthrol lower-half, which is connected to the upper-half of the molecule by only a 
single bond. This isomerization pathway is probably reversible, however, an 
irreversible oxidation subsequently converts isomer 45 into compound 46 (Scheme 
2.14). 
Deprotection followed by a quick purification by flash column chromatography 
provided 22, which was deprotonated and treated with methyl iodide, giving 16, 
containing a methylated amine moiety in the upper-half of the molecule, in 50% 
yield over these two steps. This compound appeared to be stable and was used in 
the spectroscopic studies. In the same way, the Boc deprotection and methylation  
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procedure was used starting with previously separated cis-44 and trans-44, 
containing a methoxy desymmetrized lower-half, giving cis-48 and trans-48 in 48% 
and 40% yield, respectively (Scheme 2.15). To prevent any cis-trans isomerization 
from occuring, these chemical transformations and the corresponding work-up 
and purification procedures were performed shielded from light as much as 
possible. 
 
Scheme 2.14 Proposed isomerization and oxidation pathway converting alkene 22 to 
compound 46. 
 
Scheme 2.15 Synthesis of alkenes 16, with a symmetrical lower-half, and 48, with a methoxy 
substituted lower-half, both containing a methylated amine moiety in the upper-half of the 
molecule. 
After these chemical transformations, the diastereomeric purity of cis-48 and trans-
48 was confirmed by 1H NMR spectroscopy. The absorption belonging to the 
methoxy substituent of the trans isomer (3.93 ppm) again appeared downfield with 
respect to this absorption of the cis isomer (2.84 ppm) in the 1H NMR spectrum. 
Single crystal X-ray analysis of racemic 16 was performed, in order to gain insight 
in the effect of the electronic push-pull substitution pattern on the preferred  
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conformation of the molecule and the bond length of the central olefin. Crystals 
suitable for X-ray analysis were obtained via slow solvent exchange under an n-
pentane atmosphere from a solution of racemic (2’S*)-(P*)-16 in CH2Cl2. The 
overall geometry of 16 is similar to that of previously described second-generation 
motors15 (Figure 2.9). The six-membered heterocyclic ring in the upper-half of the 
molecule adopts a twisted boat-like conformation, the methyl substituent adopts a 
pseudo-axial orientation, and the lower-half of the molecule adopts a folded 
structure, resulting in an overall helical shape of the molecule. An indication for 
the contribution of the anticipated zwitterionic resonance structure would be an 
elongation of the central double bond. However, the bond length of the central 
olefin amounts 1.361 Å, a value similar to those found for all previous systems. 
Also the IR absorption corresponding to the carbonyl of 16, appearing at 1663 cm-1, 
is not shifted towards shorter wavenumbers, which indicates no strong elongation 
of the carbonyl bond. The carbonyl IR signal at 1663 cm-1 corresponds well with 
that of anthrone (1660 cm-1),36 whereas the IR signal of the carbonyl in N-methyl 
acrydone and xanthone is shifted to 1637 cm-1 and 1654 cm-1, respectively.37 
 
Figure 2.9 Pluto drawing of (2’S*)-(P*)-16 (the enantiomer shown does not express the 
absolute stereochemistry of the molecule, as the crystals contain a racemic mixture). 
Enantioresolution of (2’R)-(P)-16 and (2’S)-(M)-16  w a s  a c h i e v e d  b y  H P L C  o n  a  
Chiralcel OD column upon elution with n-heptane:iso-propanol in a ratio 98:2. 
2.4.2   Photochemical and Thermal Isomerization Studies 
Initially, both the UV/vis and the CD spectrum of (2’R)-(P)-16 in n-hexane at -20°C 
changed only slightly upon irradiation (λ = 312 nm). After the irradiation was 
stopped, the spectra corresponding to the stable isomer were quickly restored. If 
the reversal of the spectral changes corresponds to the thermal helix inversion step 
following the photoconversion, this would mean that this process is not frozen out 
at -20°C, indicating that the energy barrier to this thermal isomerization of 16 is 
dramatically lower than that of all previously developed motor molecules. To  
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freeze out this thermal process, the sample was cooled to 200 K, at which 
temperature a broad and intense long wavelength band (~ 500 nm) appeared in the 
UV/vis spectrum (Figure 2.10a) upon irradiation. The changes in the CD spectrum 
deviated from those observed for all previously developed second-generation 
molecular motors. Since the stable and unstable forms of these molecules are 
pseudo-enantiomeric, their CD spectra are expected to be approximately mirror 
images. This is however clearly not the case when the spectrum of (2’R)-(P)-16 and 
the spectrum obtained after irradiation are compared (Figure 2.10b). 
 
Figure 2.10 UV/vis (a) and CD (b) spectra (n-hexane, 200 K) of stable (2’R)-(P)-16 (solid 
line), the PSS mixture with stable (2’R)-(P)-16 and unstable (2’R)-(M)-16 (dotted line) after 
irradiation (λ = 312 nm) (the spectral changes fully reversed after 5 min at 20°C in the dark). 
Irradiation of samples of racemic cis-48 and trans-48 under identical conditions led 
to the appearance of a long wavelength band in the UV/vis spectrum (Figure 2.11). 
After the sample was left at room temperature for 5 min, these spectral changes 
had reversed again. An attempt to analyze the cis-trans ratio obtained after this 
photochemical and thermal step by HPLC gave a remarkable result: the irradiated 
samples still contained exclusively the geometrical isomer that was present before 
irradiation. Also irradiation (λ = 312 nm) of samples in toluene-d8 for 5 h at -80°C 
did not lead to any detectable cis-trans isomerization by 1H NMR spectroscopy. 
Two possible explanations for this remarkable observation can be suggested. First 
of all, thermal “backward” cis-trans isomerization, from the unstable cis to the 
stable trans isomer and from the unstable trans to the stable cis isomer, that was 
already observed with Boc protected systems, could be much more pronounced 
with these molecules in which the electronic push-pull effect over the central 
double bond should be much stronger (Scheme 2.16a). With this explanation, the 
electronic push-pull effect apparently results in a much lower energy barrier to this 
thermal  cis-trans isomerization compared to the barrier to the forward thermal 
helix inversion, i.e.  ΔG1  <<  ΔG2. The second explanation would be that upon 
irradiation not the “regular” unstable isomer (2’R)-(M)-16 is generated by cis-trans 
a) b)  
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isomerization over the central double bond, but that a different photochemical 
process takes place (Scheme 2.16b). 
 
Figure 2.11 UV/vis  spectra (n-hexane, 200 K) of a) racemic stable cis-48 (solid line), the PSS 
mixture after 30 min irradiation (λ = 312 nm, dotted line), b) racemic stable trans-48 (solid 
line), and the photostationary state mixture after 30 min irradiation (λ = 312 nm, dotted 
line). The spectral changes fully reversed after 5 min at 20°C in the dark. 
 
Scheme 2.16 Possible explanations of the observed photochemical behavior of 16 and 48, via 
a) a thermal cis-trans isomerization back to the original stable geometrical isomer, and b) a 
deviating photochemical process. 
a) b) 
a) 
b)  
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Recently, a number of interesting studies on related bistricyclic aromatic enes 
(BAEs) have been published.38 Some of these compounds exhibit thermochromic 
behavior due to the equilibrium between anti-folded (often colored yellow) and 
twisted (exhibiting an intense color, often red) conformations. It was found that the 
introduction of an electronic push-pull substitution pattern, similar to that in 16 
and 48, had a pronounced effect on the relative ground-state energy levels of the 
two conformations. A zwitter-ionic resonance contributor, as presented for 16 in 
Section 2.3.1, was suggested to be a significant factor in stabilizing the twisted 
conformation of these molecules.38b The fact that irradiation of (2’R)-(P)-16 results 
in a complete change of the CD spectrum, instead of the expected inversion, 
indicates that indeed a different conformation is obtained by 16 after the 
photochemical conversion.  
From these studies on other thermochromic BAEs, also a possible explanation 
emerges for the observation that upon irradiation no cis-trans isomerization is 
observed with 48.  Dynamic NMR studies of a desymmetrized BAE showed that in 
the twisted conformation, the energy barrier to thermal cis-trans isomerization is 
much lower than in the anti-folded conformation, 65 kJ mol-1 versus 85 kJ mol-1.38c 
If this is also the case for 16 and 48, it would mean that this “backward” cis-trans 
isomerization is much faster than the forward helix inversion step in which the 
naphthyl moiety has to pass the lower half of the molecule, for which an energy 
barrier of approximately 85 kJ mol-1 would be expected. After this cis-trans 
isomerization, the compound rapidly re-isomerizes to the original anti-folded 
conformation, moving the methyl group to the other face of the lower-half (Figure 
2.12). However, in order to fully explain the observations made, a closer look at the 
photophysical processes involved in these systems is necessary.39 
 
Figure 2.12 Top-view Newman-type projection of the suggested pathway for the 
“backward“ cis-trans isomerization via the twisted conformation of 16 and 48. 
2.5   Conclusions 
In conclusion, a new member of the class of second-generation light-driven 
molecular motors was presented in this chapter, which at the moment this work 
was conducted was significantly faster than all of the previously described 
systems. Unidirectional rotation of this system, via two energetically uphill 
photoisomerizations each followed by energetically downhill thermal helix  
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inversion steps, was demonstrated using low temperature UV/vis, CD and 1H 
NMR spectroscopic techniques. It should be emphasized that the observation that 
the thermal steps do not result in exclusively a “forward” helix inversion, but also 
involve a 20% “backward” cis-trans isomerization, leaves the overall 
unidirectionality intact, as steps 2 and 4 in Scheme 2.13 are strictly unidirectional, 
however, it does slightly reduce the efficiency of the rotation process. As the Boc-
protected amine group has a smaller, however still significant, electron donating 
capability compared to the N-alkyl group initially proposed, it is not clear to what 
extent the electron donating character of this group contributes to the overall 
reduction of the energy barrier to the thermal helix inversion. The X-ray structure 
of the stable isomer of (2’S*)-(P*)-trans-44 indicates no elongation of the central 
olefinic bond due to an electronic push-pull effect. Such structural information of 
the unstable isomer would be more instructive towards elucidating the effect on 
the thermal helix inversion step, however no X-ray structure of this isomer could 
be obtained. The observation that the introduction of an electron-donating 
methoxy group in the lower-half of the molecule in conjugation with the carbonyl 
leads to an increase of the energy barrier, indicates that the presence of this 
electron-withdrawing moiety does play a role in causing the low energy barrier. 
Not much can be said however about the change in steric interaction between the 
upper and lower-halves of the motor molecule upon introduction of the ketone 
moiety in the lower-half. Therefore, to draw a firm conclusion on to which extent 
the proposed electronic push-pull effect on the central double bond contributes to 
lowering the energy barrier to the thermal helix inversion, a larger series of 
molecules, equipped with varying electron-donating and withdrawing 
substituents at positions where they do not sterically interfere with the motor 
molecule during the thermal isomerization, is needed for a detailed study. At the 
moment that this work was conducted, the increase in rate of thermal 
isomerization of these re-designed light-driven molecular motors compared to that 
of the ones reported earlier, allowing one full rotation of the molecular motor at 
20ºC to take place on the time-scale of minutes instead of hours, was a major 
advance. Research carried out in the group parallel to this work showed that a 
much more dramatic lowering of the energy barrier to the thermal helix inversion 
is possible via tuning of the steric interactions of the two halves of the molecule 
t h a t  h a v e  t o  p a s s  e a c h  o t h e r  during this isomerization step.40 In the following 
chapter, a further increase in the rate of rotation via such alternative structural 
modifications will be described. 
After substitution of the Boc-group on the nitrogen in the upper-half for a methyl, 
photochemically induced cis-trans isomerization seems to be completely 
suppressed, most likely because a different photochemical process becomes 
dominant, the nature of which is not clear yet. The photochemistry of this system  
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could be highly interesting, however, a deeper investigation of its photophysical 
processes is necessary to draw any conclusions in this respect. 
2.6   Experimental Section 
General remarks 
Chemicals were purchased from Aldrich or Acros; solvents were reagent grade 
and distilled and dried before use according to standard procedures. Column 
chromatography was performed on silica gel (Aldrich 60, 230-400 mesh). 1H and 
13C NMR spectra were recorded on a Varian Gemini-200 (50 MHz), a Varian VXR-
300 (75 MHz) or on a Varian AMX400 (100 MHz) spectrometer in CDCl3, the low-
temperature  1H NMR spectra were recorded on a Varian Unity Plus (500 MHz) 
spectrometer in toluene-d8. Chemical shifts are denoted in δ values (ppm) relative 
to CDCl3 (1H δ = 7.23, 13C δ = 77) and toluene-d8 (1H δ = 2.08). For 1H NMR, the 
splitting parameters are designated as follows: s (singlet), d (doublet), t (triplet), q 
(quartet), m (multiplet) and b (broad). For 13C NMR, the carbon atoms are assigned 
as follows: q (primary carbon), t (secondary carbon), d (tertiary carbon), s 
(quarternary carbon). MS (EI) and HRMS (EI) spectra were obtained with a JEOL 
JMS-600 spectrometer. Melting points are taken on a Mettler FP-2 melting point 
apparatus, equipped with a Mettler FP-21 microscope and are uncorrected. HPLC 
analyses were performed on a Shimadzu 10AD-VP system using a Chiralcel AD 
(Daicel) column. Preparative HPLC was performed on a Gilson HPLC system 
consisting of a 231XL sampling injector, a 306 (10SC) pump, an 811C dynamic 
mixer, a 805 manometric module, with a 119 UV-vis detector and a 202 fraction 
collector, using the Chiralcel AD (Daicel) column. Elution speed was 1 mL/min. 
UV measurements were performed on a Hewlett-Packard HP 8453 FT 
spectrophotometer, and CD spectra were recorded on a JASCO J-715 
spectropolarimeter using Uvasol-grade solvents (Merck). Irradiation experiments 
were performed with a 200 W Oriel Hg-lamp using a pyrex filter, or a Spectroline 
lamp model ENB-280C/FE (λ = 312 nm). Thermal helix inversions were monitored 
by CD spectroscopy using the apparatus described above and a JASCO PFD-
350S/350L Peltier type FDCD attachment with a temperature control.  
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X-ray crystallographic data of tert-butyl  (E)-2,3-dihydro-1-(2-methoxy-10-
oxoanthracen-9(10H)-ylidene)-2-methylbenzo[f]quinoline-4(1H)-carboxylate (trans-
44) 
formula C34H31NO4   V (Å3) 5531.2(6) 
fw (g·mol-1) 517.62    ρ (g·mol-1) 1.243 
crystal 
dimension (mm) 
0.30 x 0.17 x 0.10 
 
T (K)  294(1) 
color, habit 
yellow, cut-to-
size 
 
μ (cm-1) 0.81 
crystal system  monoclinic 
 number  of 
reflections 
10263 
space group, no.  P21/c,  14 
  number of refined 
parameters 
713 
a (Å)  11.2557(8)    Z  4 
b (Å)  16.854(1)    wR(F2) 0.1921 
c (Å)  29.162(2)    R(F) 0.0679 
β (deg)  91.056(1)    GooF 0.939 
X-ray crystallographic data of 10-(2,4-Dimethyl-3,4-dihydrobenzo[f]quinolin-
1(2H)-ylidene)anthracen-9(10H)-one (16) 
formula C29H23NO   V (Å3) 2027.9(4) 
fw (g·mol-1) 401.51    ρ (g·mol-1) 1.315 
crystal 
dimension (mm) 
0.35 x 0.21 x 0.13 
 
T (K)  100(1) 
color, habit  orange, block    μ (cm-1) 0.81 
crystal system  monoclinic 
 number  of 
reflections 
3638 
space group, no.  P21/n,  14 
  number of refined 
parameters 
372 
a (Å)  10.380(1)    Z  4 
b (Å)  16.811(2)    wR(F2) 0.1029 
c (Å)  11.856(1)    R(F) 0.0490 
β (deg)  101.422(2)    GooF 0.954 
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2-Methyl-3-(naphthalen-6-ylamino)propanoic acid (27)  
Following the procedure described by Ma and coworkers,28 potassium carbonate 
(10.35 g, 75 mmol), water (3 mL) and copper(I)iodide (1.04 mg, 6 mmol) were 
added to a suspension of 3-amino-isobutyric acid 29 (3.09 g, 30 mmol) and 2-
bromonaphthalene 28 (6.21 g, 30 mmol) in DMF (150 mL) under nitrogen. The 
resulting green slurry was stirred at 100°C for 3 d. Most of the solvent was 
removed under reduced pressure and the residue was dissolved in water (100 mL). 
The aqueous mixture was acidified to pH 4 by the addition of conc. HCl and was 
extracted with ethyl acetate (3 × 75 mL). The combined organic layers were dried 
(NaSO4) and the solvent was removed under reduced pressure to yield a brown 
oil. The pure product could be obtained after column chromatography (SiO2, 
pentane:EtOAc = 2:1, Rf = 0.15), yielding an orange-brown oil which solidified 
upon standing (3.40 g, 14.9 mmol, 50%). mp dec >190°C; 1H NMR (400 MHz, 
CDCl3) δ 1.29 (d, J = 8.3 Hz, 3H), 2.87-2.92 (m, 1H), 3.33 (dd, J = 13.2, 5.5 Hz, 1H), 
3.50 (dd, J = 13.2, 8.1 Hz, 1H), 6.84 (s, 1H), 6.86 (d, J = 8.6 Hz, 1H), 7.22 (t, J = 7.5 Hz, 
1H), 7.38 (t, J = 7.5 Hz, 1H), 7.60-7.64 (m, 2H), 7.67 (d, J = 8.1 Hz, 1H), 8.13 (b, 2H); 
13C NMR (100 MHz, CDCl3) δ 14.8 (q), 38.9 (d), 46.7 (t), 104.9 (d), 118.0 (d), 122.2 
(d), 125.9 (d), 126.3 (d), 127.5 (d), 127.7 (s), 129.0 (d), 135.0 (s), 145.0 (s), 181.5 (s); m/z 
(EI, %) = 229 (M+, 37) 156 (100); HRMS (EI+): calcd for C14H15NO2 229.1102, found 
229.1099; Anal. calcd for C14H15NO2: C, 73.34; H, 6.59; N, 6.11, found: C, 73.15; H, 
6.66; N, 5.96. 
 
3,4-Dihydro-2-methylbenzo[f]quinolin-1(2H)-one (24) 
Polyphosphoric acid (75 mL) was mechanically stirred at 70°C, to which acid 27 (4 
g, 17.5 mmol) was added in portions. The temperature was raised to 110°C and the 
mixture was stirred vigorously for 3 h. After cooling to 70°C, the reaction mixture 
was cautiously poured on ice (100 g) and the resulting aqueous solution was 
stirred at room temperature over night. After neutralisation by the addition of 
NaOH pellets and the addition of extra water (500 mL), the solution was extracted 
with ether (3 × 150 mL). The organic layers were washed with brine, dried (NaSO4) 
and the solvent was removed under reduced pressure to yield an orange solid. 
Further purification could be performed by column chromatography (SiO2, 
pentane:EtOAc = 1:1, Rf = 0.7), yielding a yellow solid (3.0 g, 14.2 mmol, 77%). mp  
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135.5-136.8°C; 1H NMR (400 MHz, CDCl3) δ 1.21 (d, J = 6.6 Hz, 3H), 2.64-2.73 (m, 
1H), 3.25 (dd, J = 11.8, 11.4 Hz, 1H), 3.55 (dd, J = 12.0, 5.4 Hz, 1H), 4.91 (b, 1H), 6.68 
(d, J = 8.8 Hz, 1H), 7.23 (t, J = 7.9 Hz), 7.50 (t, J = 6.8 Hz, 1H), 7.56 (d, J = 8.1 Hz, 
1H), 7.62 (d, J = 8.8 Hz, 1H), 9.43 (d, J = 8.4 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 
13.2 (q), 41.2 (d), 47.8 (t), 108.0 (s), 117.8 (d), 123.1 (d), 125.0 (d), 127.5 (s), 128.3 (d), 
129.4 (d), 132.8 (s), 136.3 (d), 152.9 (s), 197.1 (s); m/z (EI, %) = 211 (M+, 100), 169 (47); 
HRMS (EI+): calcd for C14H13NO  211.0997, found 211.1004; Anal. calcd for 
C14H13NO: C, 79.59; H, 6.20; N, 6.63, found: C, 79.55; H, 6.18; N, 6.54. 
 
tert-Butyl 2,3-dihydro-2-methyl-1-oxobenzo[f]quinoline-4(1H)-carboxylate (33) 
A solution of ketone 24 (1.0 g, 4.8 mmol), di-tert-butyl dicarbonate (1.2 g, 5.3 mmol) 
and DMAP (0.64 g, 5.3 mmol) in acetonitrile (15 mL) was stirred at room 
temperature over night. The reaction mixture was concentrated in vacuo, the 
residue was dissolved in diethyl ether (50 mL) and washed with aqueous solutions 
of HCl (1 M, 30 mL) and NaHCO3 (saturated, 30 mL), and brine. The organic phase 
was dried (NaSO4) and the solvent was removed under reduced pressure to yield a 
light-brown oil. Further purification could be performed by column 
chromatography (SiO2, pentane:EtOAc = 4:1, Rf = 0.7), yielding a yellow oil (1.5 g, 
4.8 mmol, 100%). 1H NMR (400 MHz, CDCl3) δ 1.29 (d, J = 7.0 Hz, 3H), 1.53 (s, 9H), 
2.87-2.89 (m, 1H), 3.74 (dd, J = 12.5, 8.9 Hz, 1H), 4.27 (dd, J = 13.2, 4.8 Hz, 1H), 7.44 
(t, J = 7.3 Hz, 1H), 7.59 (t, J = 7.7 Hz, 1H) 7.73-7.76 (m, 2H), 7.88 (d, J = 9.2 Hz, 1H), 
9.26 (d, J = 9.2 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 13.8 (q), 28.0 (q), 44.6 (d), 50.2 
(t), 81.9 (s), 118.3 (s), 122.8 (d), 125.4 (d), 126.4 (d), 127.9 (d), 128.8 (d), 130.7 (s), 
131.0 (s), 133.9 (d), 145.8 (s), 152.9 (s), 198.7 (s); m/z (EI+, %) = 311 (M+, 33), 255 (100); 
HRMS (EI+): calcd for C19H21NO3 311.1521, found 311.1527.  
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tert-Butyl_1-hydrazonoe-2,3-dihydro-2-methylbenzo[f]quinoline-4(1H)-
carboxylate (34) 
A solution of ketone 33 (0.67 g, 2.2 mmol) in hydrazine (10 mL) and ethanol (10 
mL) was refluxed overnight. The cooled solution was diluted with water (50 mL) 
and the resulting aqueous solution was extracted with ethyl acetate (3 × 75 mL). 
The organic phase was washed with brine, dried (NaSO4) and the solvent was 
removed under reduced pressure to yield a yellow solid. Crystallisation from ether 
provided the pure hydrazone as a white powder (0.51 g, 1.56 mmol, 71%). mp 
182.6-184.9°C; 1H NMR (200 MHz, CDCl3) δ 1.23 (d, J = 6.6 Hz, 3H), 1.50 (s, 9H), 
3.12 (dd, J = 12.7, 9.0 Hz, 1H), 3.37-3.44 (m, 1H), 4.33 (dd, J = 12.7, 6.1 Hz, 1H), 5.49 
(b, 2H), 7.35-7.77 (m, 5H) 7.86 (d, J = 8.3 Hz, 1H); 13C NMR (50 MHz, CDCl3) δ 12.3 
(q), 28.2 (q), 33.8 (d), 50.0 (t), 81.0 (s), 123.1 (d), 123.4 (s), 125.0 (d), 126.6 (d), 126.9 
(d), 127.9 (d), 128.0 (d), 130.5 (s), 131.8 (s), 139.0 (s), 147.7 (s), 153.1 (s); m/z (EI+, %) = 
325 (M+, 33.6), 269 (100); HRMS (EI+): calcd for C19H23N3O2  325.1790, found 
325.1790; Anal. calcd for C19H23N3O2: C, 70.13; H, 7.12; N, 12.91, found: C, 69.60; H, 
7.12; N, 12.86. 
 
Dispiro[1-(2-tert-butoxycarbonylamino-8-ethyl-11-ethylidene)-9-(2-methyl-
penta-2,4-diene)-4,2’-thiirane-3’,9’’-(10’’-oxo-10’’H-anthracene)] (36) 
A solution of hydrazone 34 (325 mg, 1 mmol) in CH2Cl2 (5 mL) was stirred at 0°C 
under nitrogen, MgSO4 (400 mg) was added and the resulting slurry was stirred 
for 10 min. Ag2O (500 mg) and a slurry of premixed MgSO4 in a saturated solution 
of KOH in MeOH (3 mg) was added. The mixture turned initially slightly pink and  
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eventually deep red. The mixture was filtered into another ice-cooled flask and the 
residue was extensively washed with CH2Cl2. A solution of 9-thioxoanthracen-
10(9H)-one 25 (216 mg, 1 mmol), prepared according to a literature procedure,27 in 
CH2Cl2 (10 mL) was added, upon which the solution decolorized instantaneously 
and nitrogen evolution was observed. The mixture was stirred for an extra 30 min, 
the solvent was removed under reduced pressure yielding a green solid. Further 
purification could be performed by column chromatography (SiO2, pentane:EtOAc 
= 8:1, Rf = 0.43), providing a yellow solid (300 mg, 0.58 mmol, 58%). mp 81.2-
82.5°C; 1H NMR (400 MHz, CDCl3) δ 0.84 (d, J = 7.0 Hz, 3H), 1.47 (s, 9H), 2.51 (dd, J 
= 11.7, 1.8 Hz, 1H), 2.70-2.77 (m, 1H), 2.87 (dd, J = 11.9, 9.7 Hz, 1H), 6.60 (t, J = 7.5 
Hz, 1H), 6.99 (t, J = 8.1 Hz, 1H), 7.08 (d, J = 8.1 Hz, 1H), 7.19 (b, 1H), 7.35-7.40 (m, 
2H), 7.50-7.60 (m, 3H), 7.63 (d, J = 8.1 Hz, 1H), 8.02 (d, J = 7.7 Hz, 1H), 8.06 (d, J = 
7.7 Hz, 1H), 8.35 (d, J = 7.2 Hz, 1H), 9.01 (d, J = 8.8 Hz, 1H); 13C NMR (100 MHz, 
CDCl3) δ 20.4 (q), 28.2 (q), 40.8 (d), 49.5 (s), 54.4 (t), 61.0 (s), 81.4 (s), 121.7 (d), 121.9 
(s), 122.4 (d), 124.2 (d), 125.9 (d), 126.7 (d), 127.1 (d), 127.3 (d), 127.9 (d), 128.0 (d), 
128.2 (d), 128.3 (d), 128.6 (d), 130.0 (s), 130.8 (d), 131.5 (d), 132.9 (s), 133.7 (s), 134.3 
(s), 138.7 (s), 139.5 (s), 139.8 (s), 152.8 (s), 182.1 (s); m/z (EI+, %) = 519 (M+, 82.9), 194 
(100); HRMS (EI+): calcd for C33H29NSO3 519.1868, found 519.1881; Anal. calcd for 
C33H29NO3S: C, 76.27; H, 5.62; N, 2.70, found: C, 76.30; H, 6.06; N, 3.14. 
 
tert-Butyl_2,3-dihydro-2-methyl-1-(10-oxoanthracen-9(10H)-
ylidene)benzo[f]quinoline-4(1H)-carboxylate (37) 
A solution of episulfide 36 (300 mg, 0.58 mmol) and triphenylphosphine (1.5 g, 5.8 
mmol) in toluene (25 mL) was heated at reflux over night. The solvent was 
removed under reduced pressure, providing a yellow solid. The pure alkene was 
obtained after column chromatography (SiO2, pentane:EtOAc = 16:1, Rf = 4.4) 
followed by recrystallization from hexane, yielding yellow crystals (260 mg, 0.53 
mmol, 92%). mp 133.0-134.2°C; 1H NMR (400 MHz, CDCl3) δ 0.58 (d, J = 6.1 Hz, 
3H), 1.57 (s, 9H), 3.45 (dd, J = 10.0, 3.2 Hz), 4.31-4.50 (m, 2H), 6.63 (t, J = 6.8 Hz, 1H), 
6.70 (d, J = 7.3 Hz, 1H), 6.89 (t, J = 7.7 Hz, 1H), 7.00 (t, J = 7.8 Hz, 1H), 7.09 (d, J = 8.0 
Hz, 1H), 7.18 (t, J = 9.4 Hz, 1H), 7.52 (t, J = 7.6 Hz, 1H), 7.60-7.64 (m, 2H), 7.77 (d, J =  
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9.0 Hz, 1H), 7.80-7.84 (m, 2H), 7.98 (d, J = 9.0 Hz, 1H), 8.22 (d, J = 8.3 Hz, 1H); 13C 
NMR (100 MHz, CDCl3) δ 20.5 (q), 29.6 (q), 36.7 (d), 53.7 (t), 82.3 (s), 124.9 (d), 125.7 
(2×d), 127.0 (d), 127.3 (d), 128.0 (d), 128.1 (d), 128.3 (d), 128.5 (s), 128.6 (d), 128.9 (d), 
129.4 (d), 129.6 (d), 130.4 (s), 131.6 (s), 131.7 (d), 132.3 (d), 133.6 (s), 135.2 (s), 138.6 
(s), 138.6 (s), 139.5 (s), 140.1 (s), 141.5 (s), 155.3 (s), 187.3 (s); m/z (EI+, %) = 487 (M+, 
26.6), 431 (100); HRMS (EI+): calcd for C33H29NO3 487.2147, found 487.2144; Anal. 
calcd for C33H29NO3: C, 81.29; H, 5.99; N, 2.87, found: C, 81.00; H, 6.02; N, 2.88. 
 
2-Methoxyanthraquinone (39)  
Starting with 2-chloroanthracene-9,10-dione 38 (2 g, 8.2 mmol) and following the 
procedure as described in the literature,32 the pure compound was obtained as a 
yellow solid (1.4 g, 5.8 mmol, 72%). mp 201.0-202.0°C; 1H NMR (400 MHz, CDCl3) 
δ 3.96 (s, 3H), 7.23-7.26 (m, 1H), 7.70-7.79 (m, 3H), 8.23-8.29 (m, 3H); 13C NMR (100 
MHz, CDCl3) δ 55.9 (q), 109.9 (d), 121.1 (d), 127.1 (2×d), 129.7 (d), 133.5 (s), 133.5 (s), 
133.6 (d), 134.1 (d), 135.5 (s), 164.3 (2×s), 182.0 (s), 183.1 (s); m/z (EI+, %) = 238 (M+, 
100), 139 (18); HRMS (EI+): calcd. for C15H10O3 238.0630, found 238.0632; Anal. calcd 
for C15H10O3: C, 75.62; H, 4.23, found: C, 75.65; H, 4.23. 
 
2-Methoxyanthracen-10(9H)-one (40)  
This compound was prepared via a modified version of the procedure described in  
the literature.33 To a solution of 39 (2 g, 8.4 mmol) in concentrated sulfuric acid (40 
mL), copper (2.7 g, 42 mmol) was added, and the mixture was stirred at 40°C for 2 
h. The mixture was slowly poured on ice-water (75 mL) and the resulting aqeous 
solution was extracted with ethyl acetate (3 × 50 mL). The combined organic layers 
were filtered to remove the remaining copper, dried (NaSO4) and the solvent was 
removed under reduced pressure to yield an yellow solid. Further purification was 
be performed by column chromatography (SiO2, pentane:EtOAc = 4:1, Rf = 0.44), 
yielding a slightly yellow solid (1.64 g, 7.3 mmol, 87%). mp 106.9-107.2°C; 1H NMR 
(400 MHz, CDCl3) δ 3.81 (s, 3H), 4.17 (s, 2H), 6.77 (s, 1H), 6.89 (d, J = 8.8 Hz, 1H), 
7.32-7.39 (m, 2H), 7.48 (t, J = 7.5 Hz, 1H), 8.23 (d, J = 8.8 Hz, 1H), 8.27 (d, J = 7.7 Hz, 
1H); 13C NMR (100 MHz, CDCl3) δ: 32.4 (t), 55.3 (q), 111.6 (d), 114.1 (d), 125.5 (s), 
126.7 (d), 127.2 (d), 128.1 (d), 129.7 (d), 131.9 (s), 132.2 (d), 140.0 (s), 142.8 (s), 163.0 
(s), 183.1 (s); m/z (EI+, %) = 224 (M+, 100), 181 (27.5); HRMS (EI+): calcd for C15H12O2  
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224.0837, found 224.0847; Anal. calcd for C15H12O2: C, 80.34; H, 5.39, found: C, 
80.20; H, 5.38. 
 
10-Diazo-3-methoxy-10H-anthracen-9-one (41) 
Following the procedure described by Raasz and coworkers,27 sodium azide (0.61 
g, 9.4 mmol), dissolved in water (2.5 mL), was added to a solution of p-
toluenesulfonyl chloride (1.54 g, 8.1 mmol) in ethanol (15 mL), and the resulting 
mixture was stirred for 1 h. Ethanol (15 mL) was added and the NaCl was filtered 
off. Methoxy substituted anthrone 40 (1.5 g, 6.7 mmol) was added to the resulting 
solution followed by the slow and dropwise addition of piperidine (0.8 mL, 8.1 
mmol), and stirring was continued for 5 h. The precipitate was filtered off and 
recrystallized from ethanol, yielding an orange solid (1.22 g, 4.9 mmol, 73%). mp 
158.5-159.9°C; 1H NMR (400 MHz, CDCl3) δ 3.90 (s, 3H), 6.62 (d, J = 1.8 Hz, 1H), 
6.93 (dd, J = 9.0, 1.7 Hz, 1H), 7.27 (d, J = 8.1 Hz, 1H), 7.36 (t, J = 7.5 Hz, 1H), 7.64 (t, J 
= 7.7 Hz, 1H), 8.44 (d, J = 8.8 Hz, 1H), 8.49 (d, J = 8.1 Hz, 1H); 13C NMR (100 MHz, 
CDCl3) δ 55.4 (q), 64.6 (s), 102.8 (d), 113.5 (d), 120.2 (d), 122.2 (s), 124.9 (d), 128.1 (s), 
128.4 (d), 129.2 (s), 130.8 (d), 131.8 (s), 132.3 (d), 163.2 (s), 178.7 (s); m/z (EI+, %) = 
250 (M+, 22.8), 222 (100); HRMS (EI+): calcd for C15H10N2O2  250.0742, found 
250.0753. 
 
2-Methoxy-9-thioxoanthracen-10(9H)-one (42) 
Methoxy substituted diazoanthrone  41 (1.22 g, 4.9 mmol) and elemental sulfur (0.8 
g, 24.4 mmol) were suspended in DMF (30 mL). The mixture was heated to 130°C, 
at which temperature the mixture turned green and nitrogen evolution was 
observed. After 10 min the solvent was removed under reduced pressure, yielding 
a green solid. Further purification was performed by column chromatography 
(SiO2, dichloromethane, Rf = 0.7), yielding a green solid (0.4 g, 1.6 mmol, 33%). mp 
174.3-175.7°C; 1H NMR (400 MHz, CDCl3) δ 3.95 (s, 3H), 7.27 (dd, J = 8.8, 2.6 Hz, 
1H), 7.64 (t, J = 7.7 Hz, 1H), 7.77 (t, J = 7.5 Hz, 1H), 7.94 (d, J = 2.6 Hz, 1H), 8.22 (d, J 
= 8.4 Hz, 1H), 8.24 (d, J = 7.5 Hz, 1H), 8.49 (d, J = 8.1 Hz, 1H); 13C NMR (100 MHz, 
CDCl3) δ 55.8 (q), 112.9 (d), 120.4 (d), 121.8 (s), 126.3 (d), 127.8 (s), 128.9 (d), 130.0  
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(d), 133.0 (d), 133.4 (d), 138.2 (s), 139.8 (s), 163.3 (s), 183.7 (s), 218.2 (s); m/z (EI+, %) = 
254 (M+, 100), 139 (17); HRMS (EI+): calcd for C15H10O2S 254.0401, found 254.0399; 
Anal. calcd for C15H10O2S: C, 70.85; H, 3.96, found: C, 71.10; H, 3.96. 
 
(E)/(Z)-Dispiro[1-(2-tert-butoxycarbonylamino-8-ethyl-11-ethylidene)-9-(2-
methyl-penta-2,4-diene)-4,2’-thiirane-3’,9’’-(2-methoxy-10’’-oxo-10’’H-
anthracene)] (43) 
This compound was prepared following the same procedure as described for 
episulfide 36. Starting with hydrazone 34 (90 mg, 0.28 mmol) and thioketone 42 (70 
mg, 0.28 mmol), two diastereoisomers of episulfide 43 were obtained after column 
chromatography (SiO2, pentane:EtOAc = 8:1). The cis isomer (Rf = 0.4, 35 mg, 63.7 
μmol, 23%) was obtained as a yellow oil. 1H NMR (400 MHz, CDCl3) δ 0.87 (d, J = 
7.0 Hz, 3H), 1.45 (s, 9H), 2.52 (dd, J = 11.7, 1.5 Hz, 1H), 2.72 (s, 3H), 2.75-2.79 (m, 
1H), 2.88 (dd, J = 11.7, 9.9 Hz, 1H), 6.53 (dd, J = 8.6, 2.4 Hz, 1H), 6.55 (d, J = 2.6 Hz, 
1H), 7.23 (b, 1H), 7.36 (t, J = 7.5 Hz, 1H), 7.42 (d, J = 9.2 Hz, 1H), 7.50-7.60 (m, 3H), 
7.68 (d, J = 8.1 Hz, 1H), 7.99 (d, J = 8.4 Hz, 1H), 8.03 (d, J = 7.7 Hz, 1H), 8.35 (d, J = 
7.3 Hz, 1H), 9.01 (d, J = 8.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 20.4 (q), 28.2 (q), 
40.7 (d), 49.6 (t), 54.2 (q), 54.7 (s), 61.2 (s), 81.6 (s), 109.5 (d), 116.4 (d), 122.0 (s), 122.2 
(d), 122.6 (d), 124.3 (d), 125.9 (d), 126.8 (s), 128.0 (2×d), 128.3 (d), 128.6 (d), 128.7 (d), 
129.2 (d), 130.2 (s), 131.1 (d), 133.9 (s), 134.6 (s), 139.0 (s), 139.6 (s), 142.3 (s), 152.9 
(s), 161.8 (s), 181.0 (s). The trans isomer (Rf = 0.3, 60 mg, 109.3 μmol, 39%) was 
obtained as a yellow solid. mp 106.7-109.0°C; 1H NMR (400 MHz, CDCl3) δ 0.84 (d, 
J = 6.6 Hz, 3H), 1.46 (s, 9H), 2.53 (dd, J = 11.7, 1.1 Hz, 1H), 2.76-2.83 (m, 1H), 2.95 
(dd, J = 11.7, 9.9 Hz, 1H), 3.93 (s, 3H), 6.57 (t, J = 7.7 Hz, 1H), 6.98 (t, J = 7.9 Hz, 1H), 
7.03 (d, J = 8.1 Hz, 1H), 7.04 (d, J = 8.8 Hz, 1H), 7.18 (b, 1H), 7.37 (t, J = 8.4 Hz, 1H), 
7.38 (d, J = 7.0 Hz, 1H), 7.53 (t, J = 7.7 Hz, 1H), 7.53 (s, 1H), 7.63 (d, J = 8.4 Hz, 1H), 
8.04 (d, J = 7.7 Hz, 1H), 8.32 (d, J = 8.4 Hz, 1H), 8.99 (d, J = 8.8 Hz, 1H); 13C NMR 
(100 MHz, CDCl3) δ 20.4 (q), 28.2 (q), 40.7 (d), 49.6 (t), 54.5 (s), 55.6 (q), 61.1 (s), 81.5 
(s), 113.6 (d), 114.2 (d), 121.8 (d), 121.9 (s), 122.5 (d), 124.2 (d), 125.9 (d), 126.7 (d), 
127.1 (d), 127.2 (d), 127.9 (d), 128.0 (s), 128.4 (d), 130.1 (s), 130.5 (d), 130.8 (d), 133.1  
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(s), 133.7 (s), 138.8 (s), 139.3 (s), 142.4 (s), 152.9 (s), 162.1 (s), 181.1 (s); m/z (EI+, %) = 
549 (M+, 64), 294 (100); HRMS (EI+): calcd for C34H31NO4S 549.1974, found 549.1951. 
 
tert-Butyl_(E)/(Z)-2,3-dihydro-1-(2-methoxy-10-oxoanthracen-9(10H)-ylidene)-2-
methylbenzo[f]quinoline-4(1H)-carboxylate (44) 
A solution of episulfide 43 ( cis/trans mixture) (80 mg, 0.15 mmol) and 
triphenylphosphine (390 mg, 1.5 mmol) in toluene (8 mL) was refluxed over night. 
The solvent was removed under reduced pressure, providing a yellow solid. 
Purification and separation of the geometrical isomers of alkene 44 was performed 
by column chromatography (SiO2, pentane:EtOAc = 8:1). Cis-44 (Rf = 0.3, 30 mg, 58 
μmol, 39%) was obtained as yellow crystals after recrystallization from hexane. mp 
202.4-203.3°C; 1H NMR (400 MHz, CDCl3) δ 0.62 (d, J = 6.6 Hz, 3H), 1.55 (s, 9H), 
2.91 (s, 3H), 3.42 (d, J = 9.9 Hz, 1H), 4.36-4.39 (m, 2H), 6.24 (d, J = 2.6 Hz, 1H), 6.53 
(dd, J = 8.6, 2.4 Hz, 1H), 6.98 (t, J = 8.2 Hz, 1H), 7.17 (d, J = 8.8 Hz, 1H), 7.18 (t, J = 
8.0 Hz, 1H), 7.50 (t, J = 7.9 Hz, 1H), 7.59 (t, J = 8.2 Hz, 1H), 7.63 (d, J = 7.7 Hz, 1H), 
7.72-7.74 (m, 2H), 7.80 (d, J = 7.7 Hz, 1H), 7.93 (d, J = 8.4 Hz, 1H), 8.23 (dd, J = 7.7, 
1.5 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 19.5 (q), 28.4 (q), 36.0 (d), 52.4 (t), 54.5 
(q), 81.2 (s), 111.3 (d), 115.7 (d), 123.9 (s+d), 124.4 (d), 125.0 (d), 126.0 (s), 126.4 (d), 
127.0 (d), 127.2 (d), 127.5 (d), 127.8 (d), 128.0 (s), 128.1 (d), 128.6 (d), 129.7 (s), 130.5 
(s), 130.9 (d), 134.1 (s), 137.4 (s), 138.7 (s), 138.8 (s), 142.8 (s), 154.1 (s), 161.4 (s), 184.8 
(s). Trans-44 (Rf = 0.2, 20 mg, 39 μmol, 26%) was obtained as yellow crystals after 
recrystallization from hexane. mp 211.8-212.5°C; 1H NMR (400 MHz, CDCl3) δ 0.59 
(d, J = 6.2 Hz, 3H), 1.57 (s, 9H), 3.45 (d, J = 8.1 Hz, 1H), 3.96 (s, 3H), 4.35-4.42 (m, 
2H), 6.59 (t, J = 7.5 Hz, 1H), 6.67 (d, J = 8.1 Hz, 1H), 6.89 (t, J = 7.5 Hz, 1H), 6.97-7.06 
(m, 3H), 7.13 (t, J = 7.5 Hz, 1H), 7.27 (d, J = 1.8 Hz, 1H), 7.61 (d, J = 7.7 Hz, 1H), 7.72-
7.80 (m, 2H), 7.98 (d, J = 7.7 Hz, 1H), 8.21 (d, J = 8.1 Hz, 1H); 13C NMR (100 MHz, 
CDCl3) δ 19.4 (q), 28.5 (q), 35.5 (d), 52.5 (t), 55.7 (q), 81.3 (s), 112.5 (d), 113.3 (d), 
123.6 (s+d), 124.6 (d), 124.7 (d), 126.0 (d), 126.2 (d), 126.9 (d), 127.6 (s+d), 127.7 (s), 
128.3 (d), 128.5 (d), 129.4 (s), 129.8 (d), 130.3 (d), 130.6 (s), 132.7 (s), 137.6 (s), 138.6 
(s), 140.3 (s), 141.3 (s), 154.3 (s), 161.8 (s), 185.2 (s); m/z (EI+, %) = 517 (M+, 15), 461 
(100); HRMS (EI+): calcd for C34H31NO4 517.2253, found 517.2229.  
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General procedure for the Boc deprotection and subsequent methylation: 
 
10-(2-Methyl-3,4-dihydrobenzo[f]quinolin-1(2H)-ylidene)anthracen-9(10H)-one 
(22) 
To a solution of alkene 37 (75 mg, 0.12 mmol) in CH2Cl2 (2 mL) trifluoroacetic acid 
(47 µL, 70 mg, 0.62 mmol) was added, resulting in a color change from yellow to 
deep green. After the solution was stirred for 1 h, the reaction was quenched by the 
addition of an aqueous solution of NaHCO3 (saturated, 50 mL), resulting in a color 
change of the organic layer to orange-red. After separation of the layers, the 
aqueous layer was extracted with Et2O (3 × 50 mL). The combined organic phase 
was washed with brine, dried (Na2SO4) and the solvent was removed under 
reduced pressure to yield a red solid. After purification by flash column 
chromatography (SiO2, pentane:EtOAc = 4:1, Rf = 0.32), 22 was obtained as a red 
solid. 1H NMR (400 MHz, CDCl3) δ 0.85 (d, J = 6.9 Hz, 3H), 3.57 (d, J = 6.9 Hz, 3H), 
3.89-3.96 (m, 2H), 4.23 (b, 1H), 6.60 (t, J = 7.4 Hz, 1H), 6.77-6.89 (m, 4H), 6.98 (t, J = 
7.7 Hz, 2H), 7.43-7.58 (m, 4H), 7.68 (d, J = 7.2 Hz, 1H), 7.99 (d, J = 8.2 Hz, 1H), 8.20 
(d, J = 8.4 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 19.2 (q), 31.6 (t), 51.0 (d), 111.8 (s), 
117.7 (d), 122.1 (d), 124.2 (d), 125.4 (s), 127.0 (d), 127.1 (d), 127.2 (d), 128.1 (d), 128.2 
(d), 128.3 (d), 128.4 (s), 128.7 (d), 129.7 (d), 131.3 (d), 131.4 (d), 131.9 (d), 132.5 (s), 
133.5 (s), 135.3 (s), 141.2 (s), 141.6 (s), 142.1 (s), 144.6 (s); m/z (EI+, %) = 387 (M+, 100), 
149 (25.6); HRMS (EI+): calcd for C28H21NO 387.1623, found 387.1637.  
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10-(2,4-Dimethyl-3,4-dihydrobenzo[f]quinolin-1(2H)-ylidene)anthracen-9(10H)-
one (16) 
A solution of 22 (47 mg, 0.12 mmol) in THF (4 mL) was cooled to -78°C, to which n-
BuLi (1.6 M, 80 µL, 0.13 mmol) was added, causing a color change from red to deep 
purple. Methyl iodide (23 µL, 52 mg, 0.37 mmol) was added dropwise, and the 
reaction mixture was allowed to warm to room temperature. In the temperature 
range of approximately -30°C to 0°C, the color of the mixture changed back to red. 
The reaction was quenched by the addition of an aqueous solution of NH4Cl 
(saturated, 50 mL). After separation of the layers, the aqueous layer was extracted 
with ethyl acetate (3 × 50 mL). The combined organic phase was washed with 
brine, dried (Na2SO4) and the solvent was removed under reduced pressure to 
yield a red solid. Purification by column chromatography (SiO2, n-pentane:EtOAc 
= 4:1, Rf = 0.8) yielded a red solid (25 mg, 0.06 mmol, 50 %). mp: dec >200°C; 1H 
NMR (400 MHz, CDCl3) δ 0.83 (d, J = 6.6 Hz, 3H), 3.15 (s, 3H), 3.28 (d, J = 11.4 Hz, 
1H), 3.91 (dd, J = 11.3, 5.9 Hz, 1H), 4.06-4.09 (m, 1H), 6.59 (t, J = 8.1 Hz, 1H), 6.72 (d, 
J = 7.7 Hz, 1H), 6.77 (t, J = 8.2 Hz, 1H), 6.88 (t, J = 7.8 Hz, 1H), 6.97 (t, J = 7.5 Hz, 
1H), 7.02 (d, J = 8.4 Hz, 1H), 7.07 (d, J = 8.8 Hz, 2H), 7.44-7.49 (m, 2H), 7.56 (t, J = 8.3 
Hz, 1H), 7.65 (d, J = 8.8 Hz, 1H), 7.74 (d, J = 7.7 Hz, 1H), 7.98 (d, J = 10.2 Hz, 1H), 
8.21 (d, J = 9.2 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 18.9 (q), 32.6 (q), 38.2 (d), 58.9 
(t), 113.2 (s), 113.7 (d), 121.1 (d), 123.3 (d), 124.3 (d), 125.9 (d), 126.1 (d), 126.2 (d), 
126.8 (s), 127.0 (d), 127.1 (d), 127.2 (d), 127.4 (d), 128.4 (d), 130.1 (d), 130.3 (d), 130.8 
(d), 131.3 (s), 132.3 (s), 134.1 (s), 140.1 (s), 140.9 (s), 141.1 (s), 145.1 (s), 186.4 (s); m/z 
(EI+, %) = 401 (M+, 100), 245 (9.6); HRMS (EI+): calcd for C29H23NO 401.1780, found 
401.1764.  
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(E)-10-(2,4-Dimethyl-3,4-dihydrobenzo[f]quinolin-1(2H)-ylidene)-3-
methoxyanthracen-9(10H)-one (48) 
This compound was prepared following the procedure described for 16. Starting 
from trans-44 (15 mg, 29 µmol), trans-48 was obtained as a red solid (5 mg, 12 µmol, 
40 %) after purification by column chromatography (SiO2, pentane:EtOAc = 4:1, Rf 
= 0.75). mp: dec >200°C; 1H NMR (400 MHz, CDCl3) δ 0.84 (d, J = 6.6 Hz, 3H), 3.14 
(s, 3H), 3.27 (dd, J = 11.2, 1.3 Hz, 1H), 3.88 (dd, J = 11.4, 5.9 Hz, 1H), 3.93 (s, 3H) 
4.10-4.13 (m, 1H), 6.57 (t, J = 8.3 Hz, 1H), 6.69 (d, J = 8.1 Hz, 1H), 6.78 (t, J = 7.7 Hz, 
1H), 6.88 (t, J = 7.5 Hz, 1H), 6.94-7.04 (m, 3H), 7.06 (d, J = 9.1 Hz, 1H), 7.20 (s, 1H), 
7.48 (d, J = 8.1 Hz, 1H), 7.66 (d, J = 8.8 Hz, 1H), 7.98 (d, J = 7.9 Hz, 1H), 8.20 (d, J = 
8.4 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 19.0 (q), 32.6 (q), 38.2 (d), 55.6 (q), 58.8 
(t), 112.1 (d), 113.2 (s), 113.4 (d), 113.7 (d), 121.1 (d), 123.3 (d), 124.5 (s), 126.0 (d), 
126.1 (d), 126.2 (d), 126.7 (s), 127.4 (d), 127.8 (s), 128.3 (d), 129.5 (d), 130.0 (d), 130.1 
(d), 131.3 (s), 132.4 (s), 140.7 (s), 141.3 (s), 142.1 (s), 145.0 (s), 161.5 (s), 185.3 (s); m/z 
(EI+, %) = 431 (M+, 100), 275 (15); HRMS (EI+): calcd for C30H25NO2 431.1885, found 
431.1863. 
 
(Z)-10-(2,4-Dimethyl-3,4-dihydrobenzo[f]quinolin-1(2H)-ylidene)-3-
methoxyanthracen-9(10H)-one (48) 
This compound was prepared following the procedure described for 16. Starting 
from cis-44 (20 mg, 39 µmol), cis-48 was obtained as a red solid (8 mg, 19 µmol, 48 
%) after purification by column chromatography (SiO2, pentane:EtOAc = 4:1, Rf = 
0.78). mp: dec >200°C; 1H NMR (400 MHz, CDCl3) δ 0.95 (d, J = 6.6 Hz, 3H), 2.84 (s, 
3H), 3.11 (s, 3H), 3.19 (dd, J = 11.6, 1.5 Hz, 1H), 3.75 (dd, J = 11.4, 5.5 Hz, 1H), 3.98-
4.02 (m, 1H), 6.40 (s, 1H), 6.55 (d, J = 8.8 Hz, 1H), 6.92-7.00 (m, 2H), 7.06 (d, J = 8.8  
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Hz, 1H), 7.32 (d, J = 7.7 Hz, 1H), 7.47 (t, J = 8.1 Hz, 1H), 7.53-7.57 (m, 2H), 7.65 (d, J 
= 9.1 Hz, 1H), 7.77 (d, J = 8.1 Hz, 1H), 7.99 (d, J = 8.8 Hz, 1H), 8.24 (d, J = 7.5 Hz, 
1H); 13C NMR (100 MHz, CDCl3) δ 19.0 (q), 34.9 (q), 38.2 (d), 54.4 (q), 58.7 (t), 110.7 
(d), 112.8 (s), 113.9 (d), 115.1 (d), 121.5 (d), 123.0 (d), 125.4 (s), 125.7 (s), 126.7 (s), 
126.9 (d), 127.3 (d), 127.3 (d), 127.6 (d), 127.7 (d), 128.6 (d), 130.2 (d), 130.5 (d), 132.4 
(s), 133.7 (s), 139.7 (s), 142.4 (s), 142.6 (s), 144.9 (s), 161.6 (s), 184.8 (s); m/z (EI+, %) = 
431 (M+, 100), 275 (14); HRMS (EI+): calcd for C31H25NO2 431.1885, found 431.1868. 
 
10-(2-Methylbenzo[f]quinolin-1-yl)anthracen-9-ol (46) 
Boc-deprotected alkene 22 can be stored as a solid for months at -12°C, however 
was found to gradually decompose in solution at room temperature. After removal 
of the solvent under reduced pressure, 46 was obtained as a yellow powder. mp: 
dec > 300°C; 1H NMR (400 MHz, DMSO-d6) δ 1.68 (s, 3H), 6.51 (t, J = 8.3 Hz, 1H), 
6.89 (d, J = 8.1 Hz, 1H), 7.01-7.06 (m, 4H), 7.09 (t, J = 8.2 Hz, 1H), 7.21-7.26 (m, 2H), 
7.62 (d, J = 8.2 Hz, 1H), 7.81 (t, J = 8.6 Hz, 1H), 7.99 (d, J = 9.0 Hz, 1H), 8.49 (d, J = 
9.2 Hz, 2H), 8.84 (s, 1H), 9.86 (b, 1H); 13C NMR (100 MHz, DMSO-d6) δ 14.4 (q), 
117.7 (2xs), 120.8 (2xd), 121.5 (2xd), 121.6 (2xd), 121.7 (s), 122.3 (s), 123.2 (d), 123.6 
(d), 123.9 (d), 124.4 (2xd), 126.0 (2xs), 126.2 (d), 126.3 (d), 126.8 (s), 128.0 (d), 129.9 
(s), 130.0 (s), 140.9 (s), 145.3 (s), 147.2 (s), 148.7 (d); m/z (EI+, %) = 385 (M+, 100), 
192.5 (10.3); HRMS (EI+): calcd for C28H19NO 385.1467, found 385.1478. 
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Chapter 3 
Rate-Acceleration of a Light-Driven 
Rotary Molecular Motor: Fluorenyl-
Based Systems 
 
 
 
 
 
The rotary speed of fluorenyl-based second-generation molecular motors is well 
tunable, as subtle structural variations have a dramatic influence on the Gibbs 
energy barrier to the rate determining thermal helix inversion steps. By replacing 
the naphthalene moiety present in the upper-half in the original design by a 
sterically less demanding methoxy-substituted phenyl group, the fastest artificial 
light-driven rotary molecular motor developed so far is obtained, which is in 
principle capable of operating at 3325 revolutions per second.
∗ 
 
 
 
 
 
 
 
 
 
∗ Parts of this chapter will be submitted for publication: A. Cnossen, D. Pijper, T. 
Kudernáč, M. M. Pollard, B. L. Feringa, manuscript in preparation.  
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3.1   Introduction 
In the previous chapter, the initial attempts to increase the rate of rotation of the 
light-driven unidirectional molecular motors based on sterically overcrowded 
alkenes were described. The change in design to the second-generation molecular 
motors was shown to greatly facilitate the analysis of the effects of structural 
variations.1 The work described in the previous chapter eventually established a 
system that can operate with a half-life for thermal isomerization at room 
temperature of 40 sec, which allows for full rotation at 20ºC at the scale of minutes 
instead of hours.2 This system however still can hardly compete with Nature’s 
prototypical rotary motor, ATPase, which is capable of transforming the energy of 
the hydrolysis of approximately 390 molecules of ATP per second into rotational 
motion at a rate of 130 revolutions per second.3 To create a system that can rotate at 
a similar rate, somehow the energy barrier for the rate determining thermal 
isomerization step needs to be lowered even further.4 Although electronic factors 
appeared to also have some influence on the energy barrier to this thermal 
isomerization,2 steric effects still seem to dominate in determining its magnitude.4 
Steric factors seem to have a particularly pronounced effect in the case of the 
fluorenyl based second-generation molecular motors, which will first be 
introduced in this chapter. Subsequently, a change in molecular architecture will 
be presented, which replaces the naphthalene group in the upper-half by a 
methoxy substituted phenyl moiety, that results in a dramatic increase of the 
motor’s rotation speed. 
3.2   Second-Generation Molecular Motors Containing a Five-
Membered Ring in the Upper-Half 
As described in the previous chapter, decreasing the size of the bridging atom X in 
the upper-half six-membered heterocyclic ring has a large effect in decreasing the 
energy barrier for the thermal helix inversion (see Chapter 2, Table 2.1). To take 
this principle one step further, the bridging atom was completely eliminated: a 
design change that was already applied on the first-generation motors where it had 
a pronounced effect on the thermal isomerization barrier.5 A  s e r i e s  o f  s e c o n d -
generation motors with various lower-halves, all containing a fused five-
membered ring in the upper-half, was synthesized (Figure 3.1).6 Irradiation of 
these molecules at temperatures as low as -80°C, however, did not lead to changes 
in the UV/vis and CD spectra corresponding to the formation of the expected 
unstable isomers. In the case of the methoxy-desymmetrized lower-halves, 
irradiation did lead to cis-trans isomerization.7 Therefore, the most probable  
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explanation for the fact that the formation of the expected unstable isomers was 
not observed is that the barrier to the thermal helix inversion is reduced to such an 
extent, that even at very low temperatures the unstable isomers are converted too 
fast to be analyzed.  
 
Figure 3.1 Second-generation molecular motors 1-4 with a five-membered ring in the upper-
half. 
3.2.1   Introduction of a Fluorenyl-Based Lower-Half 
Because of the fact that the unstable isomer could not be observed experimentally, 
unidirectionality has not been proven for the photochemical and thermal 
isomerization behaviour of compounds 1-4. A direct photoisomerization pathway 
from stable cis to the stable trans isomer, and vise versa, not involving the 
anticipated conversion of the unstable isomer to the stable isomer via fast thermal 
isomerization, cannot be excluded. In order to obtain a second-generation 
molecular motor with a five-membered ring in the upper-half, anticipated to have 
faster rates than all previously described light-driven molecular motors, of which 
unidirectionality of the rotation process could be proven by the observation of the 
unstable isomer, attempts were made to again increase the isomerization barrier to 
a small extent. Contraction of the six-membered ring connected to the central 
double bond in the lower-half of the molecule to a five-membered ring to this end 
seems counterintuitive at first sight, as this ring-contraction in the upper-half led to 
a large decrease of the isomerization barrier. The obtained planar fluorenyl-based 
lower-half, however, is more rigid, leading to different conformational behavior of 
the fluorenyl-based overcrowded alkene compared to the xanthene-based ones. 
The second-generation motors containing a fluorenyl-based lower-half appeared to 
mirror the conformational behavior of bisfluorene in adopting a twisted 
conformation.8 
The first examined fluorenyl-based motor 5 employed the phenanthrene-type 
rotor, connecting an all-carbon six-membered ring to the central alkene, which was 
used before in the first and second-generation motors. Irradiation of this molecule 
generated an isomer that appeared to be exceedingly stable compared to all  
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previous systems, having a half-life at room temperature of about 1300 years! The 
fact that the upper-half naphthalene moiety has to pass this completely inflexible 
fluorenyl-based lower-half during the thermal helix inversion probably causes this 
enormously high energy barrier. Decreasing the size of the upper-half to a five-
membered ring in 6 (Figure 3.2) had a huge effect on the energy barrier to the 
thermal helix inversion: the half-life at room temperature was lowered to 3.2 min!9 
 
Figure 3.2 a) Acceleration of the thermal isomerization step upon contraction of the six-
membered upper-half ring in 5 to a five-membered ring in 6 and b) a Pluto drawing of the 
X-ray struxture of 6, showing the complete planarity of the fluorenyl-based lower-half and 
the overall twisted structure. Reproduced with permission from reference [9]. Copyright 
2005 Royal Society of Chemistry. 
Since increasing the size of the substituent at the stereocenter had a pronounced 
effect on the energy barriers of the thermal isomerization steps of the first-
generation motors,10 this strategy was also adopted here. A series of motors 
possessing substituents of different sizes at the stereocenters was prepared in order 
to investigate this effect (Table 3.1).11 In contrast to what was observed for the first-
generation motors (see Chapter 2, Scheme 2.1), exchanging the methyl for a slightly 
more sterically demanding isopropyl group lowered the energy barrier only by a 
negligible amount. This is consistent with the Winstein-Holness “A-values” (the 
magnitude of the preference of a certain substituent to occupy the equatorial over 
the axial position of cyclohexane, in ΔG°), that suggest that typically these two 
substituents have similar steric profiles (AMe = 7.3 kJ, Ai-Pr = 9.2 kJ).12 Exchanging 
the methyl group for a phenyl group, which according to its A-value (APh = 11.7 
kJ), and other quantitative measures of steric size, would be expected to also lower 
the barrier to helix inversion, actually increased the barrier slightly. A possible 
explanation for this is that the sp2 hybridization of the phenyl allows it to adopt a 
conformation parallel to the fluorenyl-based lower-half, minimizing the induced 
strain. When a tert-butyl group was used as the substituent at the stereogenic 
center in 9, the most impressive effects were observed. This extra sterically 
demanding substituent was found to drop the energy barrier to the thermal 
isomerization by 25 kJ mol–1 compared to 6 with a methyl substituent, such that 
unstable 9 isomerizes 33000 times faster than unstable 6 at room temperature. Its 
a) b)  
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half-life of 6 milliseconds at room temperature makes it the fastest synthetic 
unidirectional rotary molecular motor reported so far.11 
Table 3.1 Effect of the size of the stereogenic substituent on the barrier for thermal helix 
inversion. 
 
motor R 
A-value12 
[kJ]  k° [s-1]  Δ‡G° [kJ 
mol-1] 
t½ (20°C) [s] 
7  Ph 11.7  1.18.10-3 88  587 
6  Me 7.3  3.64.10-3 85  190 
8  iso-Pr 9.2 7.32.10-3 84  95 
9  tert-Bu 20.1  1.21.102 60 5.74.10-3 
 
3.2.2   Substitution of the Naphthalene for a Substituted Phenyl Moiety 
A further redesign of the molecule involved replacement of the naphthalene 
moieties by substituted phenyl groups.13 This facilitates the synthesis of 
functionalized motors, as the need to derivatize the naphthalene moiety through 
multistep syntheses is avoided. Also another convenient handle for tuning the 
rotary speed of the motor is generated, as the steric size of the substituent pointing 
towards the other half of the molecule (into the fjord region of the overcrowded 
alkene), which has to slip past this other half during the thermal isomerization 
step, can be varied. As a first version of this new design of the light-driven 
molecular motors, p-dimethyl-phenyl-based first-generation motor 10 and second-
generation motor 11 were prepared (Figure 3.3). For first-generation motor 10, the 
Gibbs energy of activation (Δ‡G°) of the unstable trans to stable trans isomerization 
amounted 71 kJ mol-1, corresponding to a half-life at room temperature of 1.2 s. 
This helix inversion is faster than the analogous helix inversion of the related 
motor containing naphthalene groups, which occurs with a half-life of 18 s under 
identical conditions. For the unstable cis to stable cis isomerization, a Gibbs energy 
of activation of 101.2 kJ mol-1 was determined, corresponding to a half-life at room 
temperature of 1.5 d.  This isomerisation step of 10 is much slower than the 
analogous isomerization of the motor containing naphthalene groups, which has a 
half-life of 74 min at room temperature. For the thermal isomerization of second-
generation motor 11 a Gibbs free energy of activation of 79.1 kJ mol-1  was  
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determined, corresponding to a half-life at room temperature of 15 s. This system 
rotates 15 times faster than related motor 6 containing naphthalene moieties when 
irradiated under identical conditions. 
 
Figure 3.3 Modified first- and second-generation molecular motors 10 and 11, respectively, 
in which the naphthalene moieties are replaced by dimethyl substituted phenyl groups. 
3.3   New Design for Faster and Functionalizable Molecular Motors 
3.3.1   Molecular Design 
In order to further elaborate on the effect of structural variations of the substituents 
on the phenyl ring of newly designed second-generation molecular motor 11, 
methoxy-substituted motor 12 was designed (Scheme 3.1).  
 
Scheme 3.1 Newly designed molecular motors 12 and 13, bearing a bromine functionality 
which enables further functionalization, for instance via a Sonogashira reaction leading to 
phenylacetylene-modified motors 14 and 15.  
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In this motor molecule, the methyl group that points towards the fluorenyl-based 
lower-half in 11 is substituted for a methoxy group, which should facilitate the 
passage of the substituted benzyl moiety along the fluorenyl-based lower-half as 
the methoxy group is sterically less demanding than the methyl (AMe = 7.7 kJ vs 
AOMe = 2.7 kJ). This should result in a decreased energy barrier to the thermal helix 
inversion. Moreover, the introduction of a bromine functionality on the benzyl ring 
offers the possibility for further functionalization or to link several of these motor 
molecules to a central scaffold, via palladium catalyzed cross-coupling chemistry 
such as the Sonogashira reaction. As a proof of this concept, the motors are 
modified with a phenyl acetylene moiety, leading to motors 14 and 15, of which 
the photochemical and thermal isomerizations were analyzed in detail in order to 
prove that these newly designed systems operate as unidirectional rotary motors. 
3.3.2   Synthesis 
As discussed in the previous chapter, the key step in the synthesis of these 
overcrowded alkenes is the coupling of the two halves of the molecule forming the 
sterically demanding central olefinic bond. Also towards motor molecule 12, the 
Staudinger-type diazo-thioketone coupling appeared to be the most suitable 
synthetic strategy (Scheme 3.2). First, 4-bromoanisole was treated with methacrylic 
acid in polyphosphoric acid heated to 110°C, giving ketone 18 via a one pot 
tandem Friedel-Crafts acylation / Nazarov cyclization14 sequence in a rather poor 
24% yield. However, as it is just one step and the first in the synthetic sequence, 
which can be performed on large scale using commercially available starting 
materials, it is the preferred route to 18. Upper-half hydrazone 19 was prepared in 
86% by refluxing this ketone in ethanol in the presence of hydrazine monohydrate. 
The oxidation of hydrazones which, like 19, contain a fused five-membered ring 
connected to the hydrazone moiety was shown to be difficult using the standard 
oxidizing conditions employing Ag2O. However, hypervalent iodine reagents like 
[bis(acetoxy)iodo]benzene were shown to be able to oxidize these hydrazones and 
proved to be a useful alternative method.6 Thiofluorenone 2115 is known to be an 
unstable compound, and for this reason the next sequence of reactions is needed to 
be rather precisely timed. First, fluorenone was refluxed in toluene in the presence 
of Lawesson’s reagent for 2½ h. After a quick purification of the thioketone by 
column chromatography, PhI(OAc)2 was added to a solution of hydrazone 19 in 
DMF cooled to -50°C, followed directly by the addition of a solution of thioketone 
21 in CH2Cl2. After the temperature was allowed to reach room temperature over 
night, the coupling products were isolated as a mixture of episulfide 22 and alkene 
12. Treatment of this mixture with triphenylphosphine in refluxing toluene 
smoothly converted the episulfide to the desired alkene 12. The mixture was then 
treated with methyl iodide in diethyl ether in order to convert the excess 
triphenylphosphine to the corresponding phosphonium ylide, facilitating the  
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removal of this compound from the mixture. Alkene 12 was isolated in 40% yield 
from hydrazone 19. In the last step, in order to show the amenability of these 
bromide functionalized motors for further modification, a phenylacetylene moiety 
was introduced via conditions for the Sonogashira reaction developed by 
Buchwald, Fu and coworkers.16 Reaction of 12 with copper iodide, Pd(PhCN)2Cl2, 
tri-tert-butyl-phosphine and diisopropylamine overnight in dioxane at 50°C gave 
phenylacetylene-modified motor 14 in 86% yield. 
 
Scheme 3.2 Synthesis of phenylacetylene modified molecular motor 14, in which a methoxy 
group occupies the sterically overcrowded region between the two halves of the molecule 
pointing towards the fluorenyl-based lower-half.  
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3.3.3   Photochemical and Thermal Isomerization Studies 
To validate its operation as a molecular motor, the photochemical and thermal 
isomerization steps of 14 were studied in detail using low-temperature UV/vis and 
CD spectroscopy. First, enantioresolution was achieved by HPLC using a chiral 
stationary phase: separation of (2’R)-(P)-14 and  (2’S)-(M)-14 was feasible on a 
Chiralcel OD column upon elution with n-heptane: isopropanol in a ratio of 95:5. 
The assignment of the absolute configuration was based on comparison of the CD 
spectra of the enantiomers with the CD spectra of previously reported second-
generation motors.1 Initially, irradiation (λ = 365 nm) of a sample of (2’S)-(M)-14 in 
n-hexane at 20°C did not lead to any changes in both the UV/vis and the CD 
spectra, suggesting that the thermal isomerization step is fast at room temperature. 
Cooling of a sample in iso-pentane to 150 K appeared to be required to slow down 
this thermal process sufficiently to allow the detection of (2’S)-(P)-14. Irradiation (λ 
= 365 nm) of the sample led to a red-shift of the major long-wavelength absorption 
band in the UV/vis spectrum from around 360 nm to around 400 nm (Figure 3.4a). 
This red-shift upon the formation of the thermally unstable isomer via the 
photochemically induced cis-trans isomerization was also observed for all 
previously reported fluorenyl-based second-generation molecular motors, where it 
was attributed to an increase in strain of the central olefinic bond, introduced by 
the twisted nature of the thermally unstable isomer.9,11 During irradiation, clear 
isosbestic points were visible, indicating that the photoisomerization was a clean, 
unimolecular process. The spectral changes in the UV/vis are accompanied by an 
inversion of the major absorptions in the CD spectrum (Figure 3.4b), consistent 
with the inversion of the helicity of the molecule upon the photochemically 
induced cis-trans isomerization over the central double bond. The fact that cooling 
to such low temperatures is required to prevent the thermal process indicates a 
reduction of the energy barrier to this thermal isomerization by a large extent. 
 
Figure 3.4 UV/vis (a) and CD (b) spectra (iso-pentane) of stable (2’S)-(M)-14 (solid line), the 
photostationary state mixture with stable (2’S)-(M)-14 and unstable (2’S)-(P)-14 (dotted line) 
a) b)  
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after irradiation (λ = 365 nm, 150 K) (the spectral changes fully reversed after 30 min at 200 
K in the dark). 
In order to observe the reversal of the spectral changes, corresponding to the 
conversion of (2’S)-(P)-14 to (2’S)-(M)-14 via the thermal helix inversion process, 
“heating” to 200 K was required. The kinetics and thermodynamic parameters of 
this thermal helix inversion were determined by monitoring the CD absorption at 
218 nm over time in the dark at four different temperatures ranging from 167.5 K 
to 175 K, and subsequently using the various first-order rate constants to calculate 
the Gibbs energy of activation with the Eyring equation: Δ‡G° = 49.1 kJ mol-1 (Δ‡H° 
= 50.7 kJ mol-1, Δ‡S° = 5.5 ± 0.5 J mol-1 K-1) (see Figure 3.5 for the Eyring plot). By 
extrapolation of the kinetic data, a half-life of (2’S)-(P)-14 at 20 °C of 73 µsec was 
determined (k = 9.50·103 s-1). 
 
Figure 3.5 Eyring plot for the conversion of (2’S)-(P)-14 to (2’S)-(M)-14 via the thermal helix 
inversion. 
3.4   Desymmetrization of the Lower-Half 
3.4.1   Synthesis 
Since 14 contains a symmetric lower-half, just one photochemical and one thermal 
isomerization step, each accompanied by a helix inversion, convert the olefin to its 
initial isomer. To be able to identify the four distinct steps that define a full 360° 
rotary cycle as shown in Scheme 3.4 (vide infra), the lower-half of this molecular 
motor was desymmetized by the introduction of a methoxy substituent. To this 
end, synthesis of methoxy-desymmetrized thiofluorenone 25 was required 
(Scheme 3.3).   
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Scheme 3.3 Synthesis of phenylacetylene modified molecular motor 15, in which a methoxy 
group occupies the sterically overcrowded fjord region between the two halves of the 
molecule pointing towards the fluorenyl-based lower-half, as well as a methoxy 
desymmetrized lower-half of the molecule is present. 
According to a procedure described by Gualtieri and coworkers,17 2-
hydroxyfluorenone 23 was treated with potassium hydroxide and methyl iodide, 
leading to the formation of 2-methoxyfluorenone 24 in 93% yield. This compound 
was subsequently refluxed in toluene in the presence of Lawesson’s reagent, by 
which it was converted to 2-methoxythiofluorenone 25. As this compound is rather 
unstable, it was quickly purified by flash column chromatography and 
immediately used in the next step. Following exactly the same procedure as was 
described in the previous section for the synthesis of alkene 14 containing a 
symmetric lower-half, the coupling reaction starting from upper-half hydrazone 19 
and lower-half thioketone 25 was performed. This reaction again produced a  
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mixture of episulfide 26 and alkene 13, which was treated with triphenylphosphine 
to convert the episulfide to desired alkene 13. The mixture was treated with methyl 
iodide in diethylether in order to convert the excess triphenylphosphine to the 
corresponding phosphonium ylide, facilitating the removal of this compound from 
the mixture. Alkene 13 was obtained in 44% yield from the hydrazone, as a mixture 
of the cis and trans isomers, and used as such in the last step. Following a 
procedure identical to the one described in the previous section for the 
introduction of the phenylacetylene moiety via Sonogashira conditions towards 
alkene 14, alkene 15 was obtained in 75% yield as a mixture of the cis and trans 
isomers. 
 
Figure 3.6 2D NOESY spectrum of cis-15 (20°C, CDCl3). The NOE cross peaks caused by the 
intramolecular interactions are indicated with arrows.  
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Figure 3.7 2D NOESY spectrum of trans-15 (20°C, CDCl3). The area surrounded by the solid 
rectangle shows the NOE cross peaks caused by the intramolecular interactions. 
3.4.2   Separation and Characterization of the Isomers 
Separation of the cis and trans isomers of alkene 15  containing a methoxy 
desymmetrized lower-half was achieved by column chromatography over silica 
using a 12:1 mixture of pentane and tert-butyl-methyl ether as the eluent. With the 
molecular motors containing a naphthalene moiety in the upper-half a strong piece 
of evidence in assigning the cis and trans geometrical isomers is provided by the 
chemical shift of the signal belonging to the methoxy substituent, as shielding of 
the methoxy protons by the naphthalene moiety in the upper-half of the cis isomer 
causes an upfield shift of this signal of approximately 1 ppm compared to the 
methoxy signal in the spectrum of the trans isomer. The cis and trans isomers of 15 
cannot be unambiguously assigned using the 1H NMR spectra alone, as for both 
isomers the signals of the two methoxy substituents appear within a spectral 
region of approximately 0.25 ppm (~3.7-3.9 ppm). Assignment of these geometrical  
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isomers was therefore pursued by Nuclear Overhauser Enhancement (NOE) 
spectroscopy. 
Indicative for the cis-isomer are the cross-couplings between Ha (a singlet at 3.71 
ppm) and Hb (a singlet at 3.80 ppm) with Hd (a singlet at 6.82 ppm), and the 
absence of the cross-coupling between Hc (a multiplet at 4.18 ppm) with Hd 
(Figure 3.6). Indicative for the trans-isomer are the cross-couplings between Hb (a 
singlet at 3.91 ppm) and Hc (a multiplet at 4.16 ppm) with Hd (a singlet at 7.49 
ppm), and the absence of the cross-coupling between Ha (a singlet at 3.76 ppm) 
with Hd (Figure 3.7). 
3.4.3   Photochemical and Thermal Isomerization Studies 
With all previously described light-driven molecular motors, unequivocal prove of 
the unidirectionality of the rotation process performed by these systems was 
provided by following the photochemical and thermal isomerization processes 
with 1H NMR. This, however, requires the possibility to irradiate the sample and 
perform the 1H NMR measurements at sufficiently low temperatures, in order to 
freeze in the thermal isomerization step and observe and analyze the thermally 
unstable isomer. For the current system, the NMR tube therefore is required to be 
kept at 150 K, which made it practically impossible to perform this experiment in 
our laboratories. Also no deuterated solvents are available, in which the compound 
is sufficiently soluble, that do not freeze at this temperature. Still several attempts 
to analyze the photochemical isomerization upon irradiation of a sample of either 
cis-15 or trans-15 were performed, using as the solvent deuterated Et2O (mp: -
117°C) or mixtures of THF and CH2Cl2 that on visual inspection remain liquid 
(though very viscous) at -115°C, but 1H NMR analysis after 1 h of irradiation at -
115°C in all of these cases revealed that no cis-trans isomerization had taken place. 
A major problem encountered under the standard conditions employed for this 
irradiation experiment at these low temperatures is the formation of ice crystals on 
the NMR tube, blocking the sample from the light source. However, also after 
irradiation of a sample under Argon atmosphere, preventing the formation of ice 
crystals, no isomerization was observed by 1H NMR. Recently, the photochemistry 
of a similar methoxy-substituted second-generation molecular motor was found to 
be strongly solvent sensitive.18 Whereas irradiation in apolar n-hexane resulted in 
the expected cis-trans isomerization, in a polar solvent as CH2Cl2 this isomerization 
was almost completely suppressed. The photochemistry of molecular motor 15 
might suffer from this solvent-sensitivity as well, which would explain the failing 
1H NMR experiments as these were all performed using polar solvents.  
Alternatively, unidirectionality of the rotation process of the current system can 
also be proven by correlation of the directly determined photostationary state (PSS)  
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ratios with the ratios of the stable isomers after the thermal helix inversion had 
taken place. For instance, if the measured PSS ratio of unstable trans : stable cis of 
the first photoequilibrium (step 1 in Scheme 3.4) is identical to the ratio of stable 
trans :  stable cis as measured after heating the sample to room temperature, this 
proves the unidirectionality of this thermal isomerization which provides 
unidirectionality of the rotation cycle. 
The method that was used to determine the PSS ratios of the two photoequilibria 
was developed by Fischer19 and is based on the assumption that the ratio of the 
quantum yield of the photoconversion of A to B (φA) over the quantum yield of the 
photoconversion of B to A (φB) does not differ at two different wavelengths. As the 
PSS ratio at any wavelength is a function of these quantum yields and the 
extinction coefficients according to equation 3.1, this means that the ratio of the 
two PSS ratios is fully determined by the ratio of the extinction coefficients, or the 
optical densities (DA and DB), at the two wavelengths (equation 3.2). 
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By denoting the extent of conversion of A to B by irradiation at any wavelength λ 
by α (equation 3.3), denoting the change in optical density of the mixture, starting 
from A to the PSS mixture, by Δ (equation 3.4) and denoting the ratio of the 
(Equation 3.1) 
(Equation 3.2) 
(Equation 3.3) 
(Equation 3.4) 
(Equation 3.5)  
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different PSS ratios obtained by irradiation with two different wavelengths of light 
by n, equation 3.5 is obtained after developing the expression. 
In equation 3.5, the relative amount of B (the thermally unstable isomer) in the PSS 
ratio of the photoequilibrium after irradiation at the wavelength of interest is 
expressed as a function of the relative change in absorbance at two particular 
wavelengths, when passing from pure A (the thermally stable isomer) to the PSS 
attained by irradiation at the same wavelength, and ratio of the PSS ratios resulting 
from irradiation by these two wavelengths. 
 
Figure 3.8 UV/vis spectra (iso-pentane, 150 K) of (a) stable (2’S*)-(M*)-cis-15 (dashed black 
line), the PSS mixture with stable (2’S*)-(M*)-cis-15 and unstable (2’S*)-(P*)-trans-15 after 
irradiation (λ = 365 nm) (solid gray line), the PSS mixture with stable (2’S*)-(M*)-cis-15 and 
unstable (2’S*)-(P*)-trans-15 after irradiation (λ = 334 nm) (solid black line) and of (b) stable 
(2’S*)-(M*)-trans-15 (dashed black line), the PSS mixture with stable (2’S*)-(M*)-trans-15 and 
unstable (2’S*)-(P*)-cis-15 after irradiation (λ = 365 nm) (solid gray line), the PSS mixture 
with stable (2’S*)-(M*)-trans-15 and unstable (2’S*)-(P*)-cis-15 after irradiation (λ = 334 nm) 
(solid black line). 
A sample containing racemic stable (2’S*)-(M*)-cis-1520 in iso-pentane at 150 K was 
first irradiated with 365 nm light, leading to a red-shift of the long-wavelength 
band in the UV/vis spectrum from ~360 nm to ~400 nm (Figure 3.8a). Irradiation 
under identical conditions, however with 334 nm light, led to the same spectral 
changes, however the long-wavelength band red-shifted slightly further, due to a 
PSS ratio somewhat more favoring the thermally unstable isomer. The maximal 
change in optical density (Δ) during both irradiation experiments is observed 
around 360 nm, and by analysis of the ratio of the Δ’s resulting from irradiation at 
the two different wavelengths at this wavelength, a ratio of the PSS ratios (n) of 
1.15 was determined. Furthermore, a relative change in absorbance at 334 nm upon 
irradiation at this wavelength, (Δ/D)334, of -0.552, and a (Δ/D)365 of -0.305 was 
determined. From these values, an α of 0.703 can be calculated, which corresponds 
to a PSS ratio of stable (2’S*)-(M*)-cis-15 :   unstable (2’S*)-(P*)-trans-15  after 
a) b)  
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irradiation with 365 nm light of 30:70 (step 1 in Scheme 3.4). After allowing the 
sample to warm to room temperature, the mixture of the stable cis and trans 
isomers was analyzed using HPLC, by which an identical ratio of stable (2’S*)-
(M*)-cis-15 : stable (2’S*)-(M*)-trans-15, of 30:70, was determined. This means that 
all photochemically induced thermally unstable trans isomer, (2’S*)-(P*)-trans-15, is 
smoothly converted to the corresponding thermally stable trans isomer, (2’S*)-
(M*)-trans-15, which is a very strong indication for unidirectionality of this thermal 
isomerization step (step 2 in Scheme 3.4). 
 
Scheme 3.4 Photochemical and thermal isomerization processes involved with the 
unidirectional rotary cycle of molecular motor 14  and  15, containing a symmetric and 
desymmetrized lower-half, respectively. 
Starting from the stable trans isomer (Figure 3.8b), no reliable ratio of the PSS ratios 
(n) could be determined, as the UV/vis spectra at the PSSs after irradiation with 
the two different wavelengths almost completely overlapped. Therefore, the PSS 
ratio after irradiation with 365 nm of the second photoequilibrium could not be 
obtained via the analysis described above. However, comparing the UV/vis  
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spectra obtained at the PSS of the two photochemical steps (step 1 and 3 in Scheme 
3.4, Figure 3.8a vs Figure 3.8b), it has to be concluded that the spectral changes are 
very similar. Therefore, it can be assumed that also here a photoequilibrium with a 
PSS ratio of stable (2’S*)-(M*)-trans-15 : unstable (2’S*)-(P*)-cis-15 after irradiation 
with 365 nm light of approximately 30:70 is obtained (step 3 in Scheme 3.4). After 
allowing the sample to warm to room temperature, the mixture of the stable cis 
and trans isomers was analyzed using HPLC, by which a ratio of stable (2’S*)-(M*)-
trans-15  : stable (2’S*)-(M*)-cis-15 of 29:71 was determined. This means that all 
photochemically induced thermally unstable (2’S*)-(P*)-cis-15 is smoothly 
converted to the corresponding stable cis isomer, again being a strong indication 
for unidirectionality of this thermal isomerization step also (step 4 in Scheme 3.4). 
Table 3.2 Structural variations within a series of fluorenyl based molecular motor and their 
effect on the Gibbs energy of activation, rate constant and corresponding half-life at room 
temperature of the thermal helix inversion step. 
 
motor  Δ‡G° [kJ mol-1]  k° [s-1]  t½ (20°C) [s] 
5  139 1.6.10-11 >4.1010 
6  85 3.64.10-3 190 
9  60 121  5.74.10-3 
11  79 4.62.10-2 15 
14  49 9.50.103 73.10-6 
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3.5   Discussion and Conclusions 
In conclusion, the fluorenyl-based second-generation molecular motors have been 
shown to be perfectly suitable to tune the rotary speed of, as subtle structural 
variations have a dramatic influence on the Gibbs energy barrier to the rate 
determining thermal helix inversion steps (Table 3.2). 
Starting from molecule 5, of which the energy barrier of the thermal step is so high 
that at room temperature it is practically blocked so that it can effectively be used 
as a thermally bistable photo-addressable chiroptical switch (a structurally very 
similar molecule is actually used as such in Chapter 5), eventually molecule 14 is 
generated, which is capable of operating at 3325 rotations per second,21 which is 25 
times faster than Nature’s benchmark molecular motor, F1-ATPase, which is 
capable of 130 rotations per second without load at its Vmax.3 
Δ‡G°
unstable 6
stable 6
Δ‡G°
unstable 6
stable 6
Δ‡G°
stable 9
unstable 9
Δ‡G°
stable 9
unstable 9
Δ‡G°
stable 14
unstable 14
Δ‡G°
stable 14
unstable 14
 
Figure 3.9 Energy profiles for thermal isomerization of 6 (left), 9 (middle) and 14 (right), 
illustrating the origin of the acceleration by a greater destabilization of the unstable isomer 
than the stable isomer for 9 and a lowering of the transition state energy for 14, both 
resulting in a lower energy barrier. 
There is also a marked difference in the way the Gibbs energy barrier to the 
thermal isomerization is lowered in going from motor 6 to either 9 or 14. In the first 
case, the change can be rationalized by considering the Gibbs energy changes 
experienced by the stable and unstable isomers. The additional steric bulk at the 
stereocenter results in an increase in strain over the central double bond (the axis of 
rotation) in the twisted conformation that only the unstable isomer adopts. 
Therefore the Gibbs energy level of this unstable isomer is raised to a much larger 
extent by the replacement of the methyl for a tert-butyl substituent in going from 6 
to 9 compared to the Gibbs energy level of the corresponding stable isomer, which 
results in the measured drop in Gibbs energy of activation as depicted in Figure  
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3.9. During the thermal helix inversion of 14, a sterically less demanding methoxy 
substituted phenyl moiety passes the lower-half of the molecule instead of a 
naphthyl group in 6, which results in a lowered energy barrier, as also shown in 
Figure 3.9. 
Moreover, the presence of the bromide functionality allows for further 
functionalization of the motor, or coupling of multiple motors to a central scaffold, 
for instance, via well-established palladium mediated chemistry. As a proof of this 
concept, a phenylacetylene was introduced in this way, and currently trimer of 
motors 27 (Figure 3.10), generated by the coupling of multiple motors to a phenyl 
triacetylene, is under investigation.22 A large and relatively flat molecule as 27 is 
amenable to be adsorbed on a surface, where it should be possible to be visualized 
by scanning probe microscopy techniques. The ultimate aim of this research, 
currently carried out in our group, would be to induce a movement of the trimer 
on the surface upon light induced rotation of the motor molecules. 
 
Figure 3.10 Molecular motor trimer 27, designed to lie flat on a surface to be studied by 
scanning probe microscopy techniques. 
Concluding, by structurally redesigning the fluorenyl based molecular motors to 
system 14, the fastest artificial light-driven rotary molecular motor developed sofar 
is obtained, of which the unidirectionality of the rotary behavior could still be 
demonstrated. Furthermore, its aryl-bromine moiety can be used as a handle to 
either couple multiple motors to a central scaffold or to introduce other 
functionalities.  
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3.7   Experimental Section 
General remarks 
For general remarks, see Section 2.6. HPLC analyses and preparative HPLC was 
performed using a Chiralcel OD (Daicel) column. NOE spectra were recorded on a 
Varian Unity Plus (500 MHz) spectrometer in CDCl3. Low temperature 
spectroscopy was established using an OptistatDN (Oxford Instruments, Tubney 
Woods, Abingdon, Oxon OX13 5QX, UK) cryostat, equipped with a ITC 601 
temperature controller. Irradiation experiments were performed with a 200 W 
Oriel Xe-lamp, adapted with a 300 nm cut-off filter and the appropriate band-pass 
filter (334 or 365 nm, typical bandwidth: 10 nm) in series, or a Spectroline lamp 
model ENB-280C/FE (λ = 365 nm). 
 
4-Bromo-7-methoxy-2-methyl-2,3-dihydro-1H-inden-1-one (18) 
To stirred polyphosphoric acid (50 mL) at 65°C was added methacrylic acid 17 
(1.50 g, 17.4 mmol). After vigorous stirring for 5 min 4-bromoanisole 16 (3.16 g, 
16.9 mmol) was added. The mixture was stirred for 1½ h at 110 °C, whereafter the 
reaction was quenched by pouring the mixture into 300 mL ice water and stirring 
the aqueous mixture overnight. The aqueous phase was extracted with 2 x 150 mL 
Et2O. The combined organic layers were filtered, washed with water and brine, 
and dried over Na2SO4. After removal of the solvent in vacuo the crude product 
was further purified by column chromatography (SiO2,  n-heptane:EtOAc = 2:1) 
yielded 18 (1.02 g, 24%) as a light yellow oil which solidified on standing. 1H NMR 
(400 MHz, CDCl3) δ 1.21 (d, J = 7.6 Hz, 3H), 2.49 (dd, J = 17.6, 4.4 Hz, 1H), 2.58-2.62 
(m, 1H), 3.18 (dd, J = 17.6, 8.0 Hz, 1H), 3.85 (s, 3H), 6.64 (d, J = 8.8 Hz, 1H), 7.54 (d, J 
= 8.8 Hz, 1H); 13C NMR (50 MHz, CDCl3) δ 16.7 (q), 36.0 (t), 42.2 (d), 56.2 (q), 111.5 
(d), 111.9 (s), 126.3 (s), 138.8 (d), 155.2 (s), 157.6 (s), 206.5 (s); m/z (EI+, %) = 254 (M+, 
100), 225 (92); HRMS (EI+): calcd for C11H11O2Br 253.9942, found 253.9930.  
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 (4-Bromo-7-methoxy-2-methyl-2,3-dihydro-1H-inden-1-ylidene)hydrazine (19) 
Ketone 18 (0.887 g, 3.47 mmol) was dissolved in hydrazine monohydrate (20 mL) 
and heated to reflux for 1 h, during which a precipitate was formed. The reaction 
mixture was allowed to cool and the light yellow precipitate was filtered off and 
washed twice with cold ether. The mother liquor was taken up in EtOAc and 
washed with water. Drying over Na2SO4 and removal of the solvent yielded a 
second portion of 19 as a light brown solid (combined yield 0.80 g, 86%). mp 152-
154ºC; 1H NMR (400 MHz, CDCl3) δ 1.23 (d, J = 7.2 Hz, 3H), 2.56 (d, J = 16.8 Hz, 
1H), 3.17-3.27 (m, 2H), 3.89 (s, 3H), 5.35 (b, 2H), 6.67 (d, J = 8.8 Hz, 1H), 7.33 (d, J = 
8.8 Hz, 1H); 13C NMR (75 MHz, CDCl3) δ 17.3 (q), 32.2 (d), 39.9 (t), 56.3 (q), 111.5 
(d), 111.7 (s), 126.7 (s), 132.7 (d), 147.2 (s), 155.8 (s), 160.0 (s); m/z (EI+, %) = 268 (M+, 
86), 252 (100); HRMS (EI+): calcd for C11H11NOBr [M-NH2] 252.0024, found 
252.0017; Anal. calcd for C11H13N2OBr: C, 49.09; H, 4.87; N, 10.41, found: C, 48.86 H, 
4.84; N, 10.31. 
 
9-(4-Bromo-7-methoxy-2-methyl-2,3-dihydro-1H-inden-1-ylidene)-9H-fluorene 
(12) 
To a solution of 9-fluorenone (0.351 g, 1.95 mmol) in toluene (5 mL) was added 
Lawesson’s reagent (1.17 g, 2.89 mmol). The mixture was heated to reflux for 2½ h. 
The toluene was distilled in vacuo and the residue purified by column 
chromatography (SiO2, n-pentane:CH2Cl2 = 1:1, Rf  = 0.8) yielding thioketone 21 as 
a green solid (0.200 g, 52%). To a solution of hydrazone 19 (0.204 g, 0.76 mmol) in 
DMF (5 mL), stirred at -50°C, was added [bis(acetoxy)iodo]benzene (0.29 g, 0.91 
mmol) followed, after 20 sec of stirring, by a solution of thioketone 21 (0.200 g, 1.02 
mmol) in CH2Cl2 (5 mL). The mixture was allowed to warm to room temperature 
overnight and diluted with EtOAc. The organic layer was washed with water, 2N 
aqueous HCl and brine and concentrated. Column chromatography (SiO2,  n-
pentane:CH2Cl2 = 9:1) yielded 0.14 g of a yellow solid, which by 1H NMR was  
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identified as a mixture of episulfide 22 (Rf = 0.4) and alkene 12 (Rf = 0.35). 
Episulfide 22: 1H NMR (400 MHz, CDCl3) δ 1.25 (d, J = 6.9 Hz, 3H), 2.35 (d, J = 15.8 
Hz, 1H), 2.47 (dd, J = 15.8, 5.9 Hz, 1H), 2.96-3.00 (m, 1H), 3.94 (s, 3H), 6.68 (d, J = 8.8 
Hz, 1H), 7.08 (t, J = 7.8 Hz, 1H), 7.22-7.45 (m, 5H), 7.65 (d, J = 7.6 Hz, 1H), 7.72 (d, J 
= 7.8 Hz, 2H); m/z (EI+, %) = 434 (M+, 42), 308 (100). This mixture was dissolved in 
toluene (10 mL) and triphenylphosphine (0.78 g, 3 mmol) was added. The solution 
was refluxed 20 h and the toluene was distilled in vacuo. The residue was taken up 
in Et2O (12 mL) and MeI (1 mL) was added. The reaction mixture was stirred for 3 
h, upon which a white precipitate formed. This precipitate was filtered off and the 
filtrate was concentrated. Column chromatography (SiO2, n-pentane:CH2Cl2 = 9:1, 
Rf = 0.45) yielded alkene 12 (0.123 g, 40%) as a yellow solid. mp 149-150°C; 1H 
NMR (300 MHz, CDCl3) δ 1.41 (d, J = 6.7 Hz, 3H), 2.75 (d, J = 15.6 Hz, 1H), 3.32 (dd, 
J = 15.5, 5.9 Hz, 1H), 3.72 (s, 3H), 4.16-4.20 (m, 1H), 6.76 (d, J = 8.7 Hz, 1H), 7.17 (t, J 
= 8.0 Hz, 1H), 7.25-7.40 (m, 5H), 7.76 (d, J = 7.5 Hz, 1H), 7.78-7.81 (m, 1H), 7.87-7.89 
(m, 1H); 13C NMR (50 MHz, CDCl3) δ 19.5 (q), 42.8 (t), 43.6 (d), 55.2 (q), 111.7 (d), 
111.9 (s), 119.1 (d), 120.0 (d), 124.5 (d), 125.6 (d), 126.2 (d), 127.3 (d), 127.4 (d), 127.5 
(d), 130.9 (s), 131.8 (s), 133.5 (d), 138.1 (s), 139.7 (s), 139.8 (s), 140.5 (s), 147.4 (s), 
148.9 (s), 156.5 (s); m/z (EI+, %) = 402 (M+, 91), 308 (100); HRMS (EI+): calcd for 
C24H19OBr 402.0617, found 402.0619. 
 
9-(7-Methoxy-2-methyl-4-(phenylethynyl)-2,3-dihydro-1H-inden-1-ylidene)-9H-
fluorene (14) 
Following the general procedure for the Sonogashira reaction described by 
Buchwald, Fu and coworkers,16 in a flame-dried flask under N2 was placed CuI (0.7 
mg, 3.6 μmol), Pd(PhCN)2Cl2 (2.1 mg, 5.4 μmol), P(t-Bu)3 (2.2 mg, 10.8 μmol), 
diisopropylamine (24 μL, 18 mg, 0.18 mmol), alkene 12 (39 mg, 0.09 mmol), 
phenylacetylene (12 μL, 11 mg, 0.11 mmol) and dioxane (0.3 mL). The reaction 
mixture was stirred overnight at room temperature and diluted with EtOAc. The 
organic layer was washed with water, 2N aqueous HCl and brine. The solvent was 
removed  in vacuo and the crude product was further purified by column 
chromatography (SiO2, n-pentane:CH2Cl2 = 6:1, Rf = 0.6) to yield alkene 12 as a  
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yellow solid (33 mg, 86%). 1H NMR (400 MHz, CDCl3) δ 1.40 (d, J = 6.7 Hz, 3H), 
2.92 (d, J = 15.6 Hz, 1H), 3.42 (dd, J = 15.6, 6.0 Hz, 1H), 3.76 (s, 3H), 4.18-4.22 (m, 
1H), 6.87 (d, J = 8.4 Hz, 1H), 7.15 (t, J = 8.2 Hz, 1H), 7.25-7.40 (m, 7H), 7.54-7.59 (m, 
3H), 7.74 (d, J = 7.6 Hz, 1H), 7.78-7.81 (m, 1H), 7.88-7.91 (m, 1H); 13C NMR (100 
MHz, CDCl3) δ 19.1 (q), 40.9 (t), 43.7 (d), 54.8 (q), 87.3 (s), 91.4 (s), 109.6 (d), 113.1 
(s), 118.6 (d), 119.6 (d), 123.5 (s), 124.1 (d), 125.2 (d), 125.8 (d), 126.8 (d), 126.9 (d), 
128.1 (d), 128.3 (2×d), 128.9 (s), 130.8 (s), 131.5 (2×d), 133.8 (d), 137.9 (s), 139.4 (s), 
139.5 (s), 140.1 (s), 147.3 (s), 151.9 (s), 156.9 (s); m/z (EI+, %) = 424 (M+, 100), 409 (81); 
HRMS (EI+): calcd for C32H24O 424.1827, found 424.1825. 
 
(E)/(Z)-9-(4-Bromo-7-methoxy-2-methyl-2,3-dihydro-1H-inden-1-ylidene)-2-
methoxy-9H-fluorene (13) 
To a solution of 2-methoxy-9H-fluoren-9-one 2417 (0.138 g, 0.66 mmol) in toluene (3 
mL) was added Lawesson’s reagent (0.405 g, 1 mmol). The mixture was heated to 
80°C for 3 h. The toluene was removed by distillation in vacuo and the residue 
purified by column chromatography (SiO2, n-pentane:CH2Cl2 = 1:1, Rf = 0.8). The 
first (wine-red colored) band, containing thioketone 25, was collected, concentrated 
and then immediately used in the next step. To a solution of hydrazone 19 (53 mg, 
0.2 mmol) in DMF (2 mL), stirred at -50°C, was added [bis(acetoxy)iodo]benzene 
(76 mg, 0.24 mmol) followed, after 20 sec of stirring, by a solution of thioketone 25 
in CH2Cl2 ( 2  m L ) .  T h e  m i x t u r e  w a s  a l l o w e d  t o  w a r m  t o  r o o m  t e m p e r a t u r e  
overnight and diluted with EtOAc. The organic layer was washed with water, 2 N 
aqueous HCl and brine and dried on Na2SO4. The solvent was removed in vacuo 
and the crude product was purified by column chromatography (SiO2,  n-
pentane:CH2Cl2, gradient 4:1 to 2:1) yielding a mixture of episulfide 26 (Rf = 0.3) 
and alkene 13 (Rf = 0.25) in a combined yield of 45 mg. This mixture was dissolved 
in toluene (8 mL) and triphenylphosphine (0.24 g, 0.92 mmol) was added. The 
solution was refluxed overnight, after which the toluene was removed by 
distillation in vacuo. The residue was taken up in Et2O (12 mL) and MeI (1 mL) was 
added. The reaction mixture was stirred for 3 h, upon which a white precipitate 
formed. This precipitate was filtered off and the filtrate was concentrated. Column 
chromatography (SiO2, n-pentane:CH2Cl2 = 2:1, Rf = 0.6) yielded alkene 13 (38 mg, 
44% from hydrazone 19) as a yellow solid, and as a mixture of the cis and trans 
isomers. 1H NMR (300 MHz, CDCl3) δ 1.36-1.39 (m, 6H), 2.72 (d, J = 14.4, 2H), 3.28  
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(dd, J = 15.1, 6.0 Hz, 2H), 3.72 (s, 6H), 3.75 (s, 3H), 3.91 (s, 3H), 4.17-4.21 (m, 2H), 
6.84-6.94 (m, 6H), 7.06 (t, J = 7.4 Hz, 1H), 7.18-7.40 (m, 9H), 7.44 (s, 1H), 7.53-7.70 
(m, 10H), 7.84 (d, J = 7.7 Hz, 1H); 13C NMR (75 MHz, CDCl3) δ 18.9 (q), 19.1 (q), 42.4 
(2×t), 43.2 (d), 43.3 (d), 54.9 (q), 55.1 (q), 55.4 (q), 55.6 (q), 110.7 (d), 111.1 (d), 111.3 
(d), 111.4 (s+d), 111.5 (s), 112.4 (d), 113.0 (d), 118.0 (d), 118.9 (d), 119.2 (d), 120.1 (d), 
124.1 (d), 124.8 (d), 125.0 (d), 125.8 (d), 127.1 (d), 127.2 (d), 130.5 (s), 131.5 (s), 132.9 
(s), 133.1 (d), 133.2 (d), 133.6 (s), 137.6 (s), 139.2 (s), 139.3 (s), 139.5 (s), 140.2 (s), 
140.9 (s), 147.0 (s), 148.4 (2×s), 148.5 (2×s), 156.1 (2×s), 158.8 (2×s), 159.3 (s); m/z (EI+, 
%) = 434 (M+, 100), 338 (93); HRMS (EI+): calcd for C25H21O2Br 434.0705, found 
434.0700. 
 
(E)/(Z)-9-(7-Methoxy-2-methyl-4-(phenylethynyl)-2,3-dihydro-1H-inden-1-
ylidene)-2-methoxy-9H-fluorene (15) 
Following the general procedure for the Sonogashira reaction described by 
Buchwald, Fu and coworkers,16 in a flame-dried flask under N2 was placed CuI (0.5 
mg, 2.6 μmol), Pd(PhCN)2Cl2 (1.6 mg, 4.1 μmol), P(t-Bu)3 (2.0 μL, 2.2 mg, 8.3 μmol), 
diisopropylamine (19 μL, 14 mg, 0.14 mmol), alkene 13 (19 mg, 0.044 mmol), 
phenylacetylene (9.1 μL, 8.5 mg, 0.083 mmol) and 1,4-dioxane (0.25 mL). The 
solution was stirred overnight at 50°C and then diluted with EtOAc. The organic 
layer was washed with water, 2 N aqueous HCl and brine, and dried on Na2SO4. 
The solvent was removed in vacuo and the crude product was further purified by 
column chromatography (SiO2, n-pentane:CH2Cl2 = 3:1, Rf = 0.7) to yield alkene 15 
as a yellow solid (15 mg, 75%) as a mixture of the cis and trans isomers. The cis and 
trans isomers were subsequently separated by column chromatography (SiO2, n-
pentane:t-BuOMe = 12:1). Cis-15 (Rf = 0.35): 1H NMR (400 MHz, CDCl3) δ 1.38 (d, J 
= 6.7 Hz, 3H), 2.90 (d, J = 15.5 Hz, 1H), 3.40 (dd, J = 15.5, 5.9 Hz, 1H), 3.71 (s, 3H), 
3.80 (s, 3H), 4.16-4.20 (m, 1H), 6.84-6.89 (m, 3H), 7.25-7.40 (m, 5H), 7.53-7.57 (m, 
3H), 7.61 (d, J = 7.9 Hz, 1H), 7.68 (d, J = 7.4 Hz, 1H), 7.83 (d, J = 7.3 Hz, 1H); 13C 
NMR (125 MHz, CDCl3) δ 19.1 (q), 40.8 (t), 43.8 (d), 55.0 (q), 55.4 (q), 87.2 (s), 91.4 
(s), 109.7 (d), 111.0 (d), 113.0 (d), 113.2 (d), 118.9 (d), 119.2 (d), 123.6 (s), 124.1 (d), 
125.8 (d), 127.1 (d), 128.1 (d), 128.4 (2×d), 128.9 (s), 131.0 (s), 131.6 (2×d), 133.0 (s),  
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134.0 (d), 139.5 (s), 139.6 (s), 140.2 (s), 147.4 (s), 152.1 (s), 157.0 (s), 158.9 (s). Trans-15 
(Rf = 0.25): 1H NMR (200 MHz, CDCl3) δ 1.39 (d, J = 6.8 Hz, 3H), 2.90 (d, J = 15.4 
Hz, 1H), 3.41 (dd, J = 15.8, 5.6 Hz, 1H), 3.76 (s, 3H), 3.91 (s, 3H), 4.16-4.20 (m, 1H), 
6.88 (t, J = 8.0 Hz, 2H), 7.05 (t, J = 7.2 Hz, 1H), 7.15-7.60 (m, 10H), 7.66 (d, J = 8.0 Hz, 
1H); 13C NMR (125 MHz, CDCl3) δ 18.9 (q), 40.9 (t), 43.7 (d), 54.8 (q), 55.6 (q), 55.6 
(q), 87.2 (s), 91.4 (s), 109.7 (d), 110.7 (d), 112.3 (d), 113.1 (s), 117.9 (d), 120.1 (d), 123.5 
(s), 124.7 (d), 125.0 (d), 126.9 (d), 128.1 (d), 128.3 (2×d), 128.9 (d), 130.8 (d), 131.5 
(2×d), 133.5 (s), 133.8 (d), 137.8 (s), 139.4 (s), 141.0 (s), 147.3 (s), 151.9 (s), 156.9 (s), 
159.2 (s); m/z (EI+, %) = 454 (M+, 100), 439 (80); HRMS (EI+): calcd for C33H26O2 
454.1933, found 454.1921. 
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position of the photoequilibrium (30:70 in favor of the unstable isomer, by irradiation with 
an appropriate light source), divided by 2 (as two thermal conversions are needed to fulfill a 
complete rotation): (9500 * 0.7)/2.  
22 A .  C n o s s e n ,  D .  P i j p e r ,  T .  K u d e r n á č, M. M. Pollard, B. L. Feringa, manuscript in 
preparation.  
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Chapter 4 
Enantioselective Synthesis of 
Second-Generation Light-Driven 
Molecular Motors 
 
 
 
 
 
This chapter focuses on the development of a stereoselective synthesis route of 
second-generation light-driven molecular motors. Two new methods for the 
preparation of the upper-half ketone precursors are presented. Also, a modified 
procedure for the Barton-Kellogg coupling reaction, which normally leads to a fully 
racemized coupling product when the standard conditions are applied, was 
developed. This synthetic methodology provided the coupling product with only a 
slight degree of racemization, allowing the desired molecular motors to be obtained 
enantiomerically pure by crystallization.
∗ 
 
 
 
 
 
 
 
∗ Parts of this chapter will be submitted for publication: T. C. Pijper, D. Pijper, M. 
M .  P o l l a r d ,  F .  D u m u r ,  S .  G .  D a v e y ,  A .  M e e t s m a ,  B .  L .  F e r i n g a ,  m a n u s c r i p t  i n  
preparation.  
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4.1   Introduction 
As discussed in the previous chapters, the second-generation light-driven rotary 
molecular motors developed in our group have been the topic of extensive 
research. An important part of this work was their successful application in several 
macromolecular and supramolecular systems, e.g. by grafting them on a surface 
where they produce an absolute molecular rotary movement,1 adding them as 
switchable chiral dopants in liquid crystals,2 or using them as switchable chiral 
initiators in helical polymers (see Chapters 6 and 7). For all of these applications, 
the molecular motors are required in their enantiopure form, and in multi-
milligram quantities. However, despite the vast amount of research performed on 
these systems, no good methods for the enantioselective synthesis of second-
generation motor molecules have been developed. Therefore, so far all of the 
research on these motor systems has relied on the separation of the enantiomers, 
obtained after a racemic synthesis, by chiral HPLC on a preparative scale. In 
practice, this means performing a large number of sequential HPLC runs on an 
analytical scale, collecting the resolved compound after each run. This 
methodology, however, suffers from the fact that often only small amounts of 
material can be resolved. This is caused by the fact that the molecules are generally 
not very well soluble in the eluent (with the chiral HPLC columns used in our 
laboratory only n-heptane:iso-propanol combinations are allowed) and that, due to 
their apolar nature, the enantiomers often are barely separable on the HPLC 
columns. As a result, normally large numbers of very long runs are required to 
collect a reasonable amount of enantiopure compound, making this a very tedious 
time- and eluent-consuming technique. Moreover, after this tedious resolving 
process, generally only a few milligrams of enantiopure material are obtained. 
Toward the applications mentioned at the beginning of this introduction, where 
the resolved material is subjected to additional synthetic steps or applied as a 
switchable chiral dopant in LC studies, a larger quantity of the material is required. 
Therefore, a stereoselective pathway to synthesize these motor molecules would be 
highly desirable. 
In this chapter, first an overview is given of all attempts performed previously to 
synthesize these molecules in their enantiopure form. Emphasis will be on the 
enantioselective synthesis of the ketone precursors, which were already 
successfully coupled giving several enantiomerically pure first-generation motors. 
Two new and intuitively generally applicable synthesis routes to enantiomerically 
pure upper-half ketones are presented next. The bottleneck in the synthesis of 
second-generation motors is the so-called Barton-Kellogg coupling that requires 
steps under which complete racemization usually takes place. A modified  
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procedure to this coupling reaction, featuring the conversion of the enantiopure 
upper-half ketone to the corresponding tert-butyldimethylsilylhydrazone for 
which the racemization was found to be strongly suppressed, is subsequently 
investigated. In the final part of this chapter, the new methodology is employed in 
the enantioselective synthesis of two second-generation light-driven molecular 
motors.  
4.2   Overview of Early Attempts to Enantioselectively Synthesize 
Light-Driven Molecular Motors Based on Sterically Overcrowded 
Alkenes 
In order to circumvent the inefficient method of preparative chiral HPLC to resolve 
the enantiomers of the light-driven motors after their synthesis, which has often 
proven to be a huge bottleneck in research where these systems are to be applied in 
their enantiopure form, several attempts have been made towards enantioselective 
synthesis routes, of which an overview is presented in this section. As was already 
shown in the previous chapters, synthesis of these overcrowded alkenes first 
requires the corresponding ketone precursor, which notably already contains the 
stereocenter, and a subsequent coupling reaction to form the sterically demanding 
central double bond. Stereoselective synthetic pathways to these molecules 
therefore can be dissected in two major parts: the enantioselective synthesis of the 
ketone, followed by a coupling reaction in which the chirality at the stereocenter is 
preserved. 
4.2.1   Enantioselective Synthesis of Ketone Precursors 
The first reported enantioselective synthesis of a ketone precursor of such an 
overcrowded alkene was published in 1997 by Harada, Feringa and co-workers 
and described the stereoselective synthesis of (R)-5 (Figure 4.1a).3 This method first 
requires the racemic synthesis of 1, which subsequently is reduced with NaBH4 to 
give racemic cis-alcohol 2 as the major product and the corresponding trans-alcohol 
as a minor one. Racemic cis-alcohol (±)-2 was then esterified with acid 3 bearing a 
camphor-based chiral auxiliary, yielding a diastereomeric mixture of esters 
(1R,2R)-(-)-4 and (1S,2S)-(-)-4, separable by HPLC on silica gel. Subsequent 
removal of the chiral auxiliary via reduction with LiAlH4, to yield the optically 
pure  cis-alcohol, followed by oxidation with pyridinium chlorochromate (PCC) 
yielded the desired methyl ketone (R)-5 in enantiomerically pure form. Via the 
same synthetic strategy, later also the enantioselective synthesis of five-membered 
ketone (S)-6 (Figure 4.1b) was described.4  
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Figure 4.1 a) Preparation of enantiomerically pure methyl ketone (R)-5 via the resolution of 
the corresponding cis-alcohol via esterification with a camphor-based chiral auxiliary, and b) 
5-membered ring analogue (S)-6 for which this synthetic pathway involving resolution was 
also successfully applied. 
A different stereoselective synthetic pathway towards these ketones has been 
developed in our group by Ter Wiel (Scheme 4.1a). This synthesis is based on an 
alkylation protocol developed by Evans, in which oxazolidinone (S)-8 is used as an 
auxiliary to accomplish a diastereoselective methylation.5 The first successfully 
synthesized enantiopure ketone in this way was (S)-11.6 First carboxylic acid 
chloride precursor 7 and chiral oxazolidinone auxiliary (S)-8 were prepared, 
a) 
b)  
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followed by their coupling to yield (S)-9. Subsequent alkylation with MeI then took 
place in a diastereoselective fashion, after which the acid was liberated from the 
auxiliary using hydrogen peroxide. Finally, after conversion of the carboxylic acid 
to the acid chloride using thionyl chloride, ring closure via a Friedel-Crafts reaction 
using aluminum trichloride yielded enantiomerically pure ketone (S)-11.  
 
 
Scheme 4.1 Asymmetric synthesis routes, employing stereoselective alkylation 
methodology via the Evans oxazolidinone protocol, toward enantiomerically pure ketones 
a) (S)-11 and b) (R)-6. 
a) 
b)  
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This approach was also successfully used for the preparation of (R)-6  (Scheme 
4.1b).7 In this asymmetric synthesis, (S)-12 is first acylated to yield (S)-13, which is 
then subjected to an alkylation with 2-(bromomethyl)naphthalene, affording (R,S)-
14 with a diastereomeric excess of over 99%. Removal of the auxiliary followed by 
cyclization using the same conditions described above provided enantiomerically 
pure ketone (R)-6. 
A different approach to the enantioselective synthesis of ketone 6 was taken by Dr. 
J. Vicario and Dr. R. Hoen in our group.8 The key step in their synthesis is an 
asymmetric rhodium-catalyzed hydrogenation reaction (Scheme 4.2), in which the 
active catalyst is a rhodium metal complexed by chiral phosphoramidite ligands. 
For this route, first the synthesis of acid 15 is required. Hydrogenation of 15 under 
meticulously optimized conditions9 using a mixed ligand system of tri(ortho-
toluene)phosphine and the phosphoramidite yielded carboxylic acid (S)-16 in 98% 
ee, which was obtained enantiomerically pure after a single crystallization. 
Subsequent cyclization, via the formation of the acid chloride and a subsequent 
Friedel-Crafts reaction, afforded enantiomerically pure ketone (S)-6. 
 
Scheme 4.2 Stereoselective synthesis of ketone (S)-6 via an asymmetric rhodium-catalyzed 
hydrogenation step. 
4.2.2   Non-Racemizing Coupling Conditions 
In the synthesis of the first-generation light-driven molecular motors, whose 
structures feature two identical halves connected by a central carbon-carbon 
double bond, the coupling of two ketone precursors is required. This is achieved  
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via a McMurry reaction (Scheme 4.3), in which first high-valent titanium is 
reduced in situ to form metallic Ti(0) particles, on whose surface the reduction and 
dimerization takes place.10 As a general method, a combination of TiCl3 as the 
high-valent titanium source and Zn powder as the reducing agent is used for this 
reaction. These reaction conditions were successfully employed to dimerize both 
six-membered ring based ketone (R)-5 and (S)-11 to provide the corresponding 
first-generation light-driven motors in enantiomerically pure form.3,6 In the case of 
five-membered ring based ketone (R)-6, these conditions however led to a fully 
racemized product, rendering the elegant routes to the enantiomerically pure 
ketone precursor completely useless.7 Later a modified procedure for the McMurry 
reaction was employed, in which not Zn but LiAlH4 is used as the reducing agent.4 
Under these reaction conditions the configuration at the stereogenic centre bearing 
the methyl group is fully preserved. 
 
Scheme 4.3 General synthesis of first-generation light-driven molecular motors via the 
McMurry reaction as shown for trans-17. 
For the synthesis of second-generation light-driven molecular motors the McMurry 
approach is not very suitable, as the use of two different ketones in this reaction 
yields a complex mixture of different coupling products, which usually contains 
the desired cross-coupled product only in low amounts. A much more efficient 
method for their synthesis, as described in the previous chapters, is the coupling of 
a diazo compound and a thioketone in a so-called Barton-Kellogg reaction. This 
requires the conversion of the upper-half ketone to the corresponding hydrazone, 
which can subsequently be oxidized to the desired diazo compound, via treatment 
with hydrazine in refluxing EtOH. These reaction conditions, however, have been 
shown to lead to rapid racemization, owing to the basicity of hydrazine which 
causes enolization of the ketone. Also, an attempt to retain the stereochemical 
integrity via a Barton-Kellogg procedure with inverted functionalities, by 
conversion of the upper-half ketone to the corresponding thioketone which is 
subsequently reacted with a lower-half diazo compound, proved unsuccessful as 
the motor molecules appeared to be fully racemized after their isolation.  
In pioneering studies to circumvent this problem, Dr. S. G. Davey in our group 
found that conversion of the ketone to the corresponding tert-butyldimethylsilyl  
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(TBS) hydrazone by the use of 1,2-bis(TBS)hydrazine leads to a much lower extent 
of racemization. This work was based on an extensive study by Myers and co-
worker who demonstated the conversion of a series of ketones and aldehydes to 
the corresponding TBS hydrazones under relatively mild conditions.11 
Deprotonation by hydrazine at the α-position, leading to the formation of the 
planar enolate, followed by non-stereoselective reprotonation is most probably the 
cause of the racemization under these conditions. Owing to the bulky TBS groups, 
1,2-bis(TBS)hydrazine is much more sterically hindered as a base, which is 
propably the origin of the reduced amount of racemization. The bulky TBS groups 
also hamper its nucleophilicity, however both the presence of a Lewis acid catalyst 
and the fact that a Si-O bond is formed during the reaction result in its high 
reactivity towards the formation of the TBS-hydrazone. In an initial attempt, 
enantiopure ketone (S)-6 was converted to the corresponding TBS-hydrazone, 
which was then immediately treated with [bis(acetoxy)iodo]benzene, leading to 
oxidation to the diazo compound, and subsequently thioxanthone 19 was added 
(Scheme 4.4).8 During work-up the reaction mixture was poured in water, upon 
which a large amount of crystals formed, which were analyzed and shown to 
consist of enantiomerically pure episulfide (S)-20. The small amount of episulfide 
that had not crystallized during work-up was then isolated and shown to be 
completely racemic. Apparently, racemization had taken place only to a minor 
extent. 
 
Scheme 4.4 Key steps in the synthesis of second-generation light-driven molecular motors 
via a modified version of the Barton-Kellogg reaction, in which first a TBS-hydrazone is 
formed, leading to a strong reduction in the extent to which racemization takes place. 
Encouraged by this initial result, the TBS-hydrazone approach was further 
explored in order to investigate whether or not it could serve as a general non-
racemizing method for the enantioselective synthesis of second-generation light-
driven molecular motors. The conversion of a number of enantiopure ketone 
upper-halves to their corresponding TBS-hydrazones and their subsequent 
coupling to yield the overcrowded alkenes will be discussed in Section 4.4.  
 
 
   131 
 
 
 
 
Chapter4.doc 
Enantioselective Synthesis of Second-Generation Light-Driven Molecular Motors 
 
4.3   More Efficient Enantioselective Synthesis of Upper-Half 
Ketones 
The three synthetic routes described in Section 4.2.1 are all suitable for the 
preparation of the desired enantiomerically pure ketones. In practice each of these 
syntheses has its drawbacks however, particularly towards large-scale synthesis. 
The use of a large and complex chiral auxiliary, which first needs to be 
synthesized, has to be coupled to and removed from the substrate in two separate 
synthetic steps. In fact, to separate the diastereoisomers this method requires the 
use of HPLC. The major goal in searching for a practical asymmetric synthesis of 
these molecules was actually avoiding HPLC, as it frequently can only be used for 
the separation of small quantities of material. Applying asymmetric alkylation is 
more suitable towards large-scale synthesis of the enantiopure ketones. Still, quite 
a number of synthetic steps are required, as also the chiral oxazolidinone first has 
to be prepared in two steps, and the conditions under which the asymmetric 
alkylation takes place need to be carefully controlled. Also the asymmetric 
hydrogenation pathway has its drawbacks: it requires an expensive rhodium 
precursor, synthesis of the phosphoramidite ligand, and the stereoselective 
outcome of reaction is also highly sensitive for the specific substrate used, meaning 
that the ligand combinations and reaction conditions applied have to be optimized 
for every new upper-half ketone to be synthesized with high enantioselectivity via 
this route. 
It was envisioned that a more suitable way to synthesize enantiomerically pure 
ketone upper-halves would be to just use a commercially available enantiopure 
starting material, of which a successful example is given in this section. Another 
promising methodology, which employs an enzymatic kinetic resolution as the key 
step, will also be discussed. 
4.3.1   Synthetic Strategy I: Starting from Enantiomerically Pure Roche Ester 
The first pathway that was investigated is based on an enantiomerically pure 
starting material: the commercially available “Roche ester” (R)-21  (Scheme 4.5). 
After the tosylation of the alcohol group, this moiety can be subjected to 
nucleophilic attack, for instance by thiophenols, or maybe even by naphthols. 
Subsequently, the hydrolysis of the ester has to proceed without racemization at 
the neighbouring stereogenic center, after which cyclization can be achieved as 
described before via Friedel-Crafts chemistry to afford the methyl ketone 
enantiomerically pure. In this way, the synthesis of a large number of 
enantiomerically pure six-membered ring upper-half ketones with varying hetero-
atoms at position X should be possible in a few simple steps.  
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Scheme 4.5 Retrosynthetic analysis for the preparation of enantiomerically pure six-
membered ring upper-half ketones starting from the commercially available Roche ester (R)-
21. 
 
Scheme 4.6 Synthesis of enantiomerically pure ketone (S)-25 starting from Roche ester (R)-
21. 
The first enantiomerically pure ketone that we attempted to synthesize via this 
route, (R)-25, was based on thionaphthol and (R)-21 (Scheme 4.6). First, the alcohol 
functionality present in the Roche ester was tosylated by treatment with tosyl 
chloride, triethylamine and dimethylaminopyridine, yielding tosylated Roche ester 
(R)-22 in 77%. In the next step, first cesium carbonate was added to thionaphthol 
dissolved in DMF, leading to a color change of the reaction mixture to orange, due 
to the formation of the thiolate anion. The addition of the tosylate led to a rapid 
disappearance of this yellow color, in accordance with the formation of (S)-23. 
After work-up of this reaction, the excess thionaphthol used for this reaction was 
the only impurity present, as shown by 1H NMR. This compound is also formed as  
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a side-product in the next step, therefore the crude methyl ester was used in the 
next step without further purification. Hydrolysis of the methyl ester was achieved 
by treatment with lithium hydroxide in aqueous THF, giving (R)-24 in 84% yield 
over two steps. Conversion of the carboxylic acid to the acid chloride was 
accomplished using oxalyl chloride and a catalytic amount of DMF, after which 
ring-closure to the desired ketone was achieved via a Friedel-Crafts reaction using 
aluminum trichloride, providing (R)-25 in 92% yield and 97% ee as determined 
with chiral HPLC. 
As was already discussed in the previous chapter, the naphthalene group in the 
upper-half of the second-generation motor can be replaced by a xylyl moiety 
without significantly changing the isomerization behavior of the molecule, and this 
re-designed upper half provides an extra handle by which its rotary speed can be 
tuned. Furthermore, the introduction of substituents selectively at a certain 
position is much easier with the xylyl than with the naphthalene group. Therefore, 
also the synthesis of a xylyl-based ketone was pursued via the Roche ester 
pathway (Scheme 4.7). This synthesis started with the nucleophilic attack of 2,5-
dimethylthiophenol on tosylated Roche ester (R)-22, followed by the same 
sequence of steps as described in Scheme 4.6. In this reaction sequence, (S)-27 was 
obtained after the hydrolysis step in 60% yield over the first two steps. Subsequent 
ring-closure gave (S)-28 in 84% yield and >99% ee as determined with chiral HPLC. 
 
Scheme 4.7 Synthesis of enantiomerically pure xylyl-based ketone (S)-28 starting from 
tosylated Roche ester (R)-22.  
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This Roche ester based pathway was also pursued for the synthesis of oxygen-
containing six-membered upper-half ketones. The first step in this synthesis 
requires a nucleophilic attack of naphthol onto the tosylated Roche ester (Scheme 
4.8a). Owing to the much lower nucleophilicity of naphthol compared to 
thionaphthol, this step requires much harsher conditions. A number of attempts 
were performed to get this reaction to work, among others by increasing the 
temperature up to reflux conditions, however in none of these attempts any 
conversion of naphthol was observed by TLC and 1H NMR. A possible explanation 
might be the degradation of (R)-22 under the harsh reaction conditions applied, 
most probably via elimination of the tosylate giving methyl methacrylate. The 
enantioselective synthesis of an oxygen-containing six-membered upper-half 
ketone via this route was not pursued further. However, if the Roche ester (R)-21 
could easily be converted to the mono-tosylated diol (S)-30  (Scheme 4.8b), this 
substitution reaction should work, as this reaction has already been successfully 
applied using racemic 30 (see Chapter 7). 
 
Scheme 4.8 a) Attempted synthesis of enantiopure upper-half ketone precursor (S)-29 by 
nucleophilic substitution on tosylated Roche ester (R)-22 using 2-naphthol, and b) the 
suggested mono-tosylated diol (R)-30, to which the Roche ester should be converted, onto 
which the substitution reaction would probably be successful. 
4.3.2   Synthetic Strategy II: An Enzymatic Kinetic Resolution as Key Step 
Recently, an elegant and potentially universally applicable synthetic methodology 
towards enantiomerically pure upper-half ketones was developed. This pathway, 
which was pioneered by Dr. F. Dumur and Dr. M. M. Pollard in our group,12 
involves the conversion of an unsubstituted upper half ketone, usually easily 
obtained in a small number of steps, to an enantiomerically pure α-methoxy 
substituted ketone in only a few steps. A retrosynthetic analysis of this route for a 
five-membered ring based ketone is shown in Scheme 4.9a. After synthesis of the 
unsubstituted ketone 33, first α-hydroxylation is required to obtain α-hydroxy 
a) 
b)  
 
 
   135 
 
 
 
 
Chapter4.doc 
Enantioselective Synthesis of Second-Generation Light-Driven Molecular Motors 
 
ketone  32  as a racemic mixture. In the following key step, this compound is 
subjected to an enzymatic kinetic resolution in which selectively only for one 
enantiomer of 32 the hydroxyl group is acetylated (Scheme 4.9b). The remaining 
enantiomer (S)-32 is then easily separated from the acetylated enantiomer by 
normal chromatography over silica. Finally, the hydroxyl functionality is 
methylated, as the hydroxyl group is not compatible with the following steps in 
the synthesis of the molecular motor. Dr. F. Dumur also completed the racemic 
synthesis of a second-generation molecular motor containing a methoxy 
substituent at the stereocenter. Investigating its isomerization behavior using 
various spectroscopic techniques, the proper functioning of this compound as a 
molecular motor was strongly indicated.  
 
Scheme 4.9 a) Retrosynthetic analysis for α-methoxy ketone (S)-31, and b) the enzymatic 
kinetic resolution of (S)-32 which is the  key step in this enantioselective synthesis route. 
This enantioselective strategy suffers from one drawback which is inherent to a 
kinetic resolution pathway: the resolution step is always limited to a maximum 
yield of 50% - in fact, Dr. F. Dumur reported a yield of 43% for this step.12 Its 
potential applicability for a broad range of upper-half ketones is, however, a major 
advantage of this pathway. In the remainder of this section, the enantioselective 
synthesis of (S)-31, which was further optimized, will be discussed. To investigate 
the general applicability of this strategy, an attempt to synthesize a second α-
a) 
b)  
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methoxy ketone, in which again the naphthalene moiety is replaced by a xylyl 
group, will also be discussed. 
 
Scheme 4.10 Synthesis of methoxy ketone (S)-31 via the enzymatic kinetic resolution of α-
hydroxy ketone (S)-32. 
For the enantioselective synthesis of (S)-31 via this pathway (Scheme 4.10), first the 
synthesis of unsubstituted ketone 33 is required. A Friedel-Crafts acylation of 3-
chloropropionyl chloride onto naphthalene 35 gave ketone 36 in 51% yield. 
Subsequent ring-closure via a Nazarov cyclization was achieved by heating of 36 to 
90°C in concentrated sulphuric acid, giving unsubstitued ketone 33 in 59%. The 
introduction of the hydroxyl substituent at the α-position was achieved via 
treatment of 33 with potassium hydroxide and the oxidizing agent 
[bis(acetoxy)iodo]benzene in methanol, giving α-hydroxy acetal 37 as an 
intermediate, which was converted to the desired α-hydroxy ketone upon 
treatment with aqueous hydrochloric acid, yielding 32 in 62% over these two 
steps.13 The enzymatic kinetic resolution was performed by selective trans-
esterification of the R-enantiomer with isopropenyl acetate using the enzyme 
Amano Lipase PS, in a polar organic solvent at room temperature overnight, 
following a procedure described for the enzymatic kinetic resolution of structurally  
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related compounds by Adam and coworkers.14 After its separation from the 
acetylated compound, (S)-32 was obtained in 47% yield (a slight improvement to 
the 43% yield reported by Dr. F. Dumur12) and >99% ee as determined by chiral 
HPLC.  
The absolute configuration of α-hydroxy ketone (S)-32 was assigned by analogy 
with the enzymatic resolution of (±)-2-hydroxy-2,3-dihydro-1H-inden-1-one.14 The 
final methylation step is somewhat challenging, as under the basic conditions that 
are usually applied for this transformation racemization of the stereogenic centre 
positioned α to the ketone moiety can be expected. Indeed, Dr. F. Dumur found 
that after the methylation step, performed with methyl iodide in the presence of 
silver oxide and the mild base calcium sulphate, the ee had dropped to 92%.12 
Reproducing this reaction, it was found that the extent of racemization could be 
minimized by strictly following the conditions described in the literature,15 and α-
methoxy ketone (S)-31 was isolated in 67% yield with 98% ee. 
The second α-methoxy upper-half ketone whose enantioselective synthesis was 
attempted via this enzymatic-resolution-based methodology, to demonstrate its 
general applicability, was xylyl-based five-membered-ring ketone (S)-42 (Scheme 
11). First, the unsubstituted ketone 40 was obtained via a Friedel-Crafts acylation 
of 3-chloropropionyl chloride with p-xylene  38, yielding 39 in 89%, which was 
followed by a Nazarov cyclization under acidic conditions giving ketone 40 in 75% 
yield. The subsequent α-hydroxylation was performed by treatment of 40 with 
potassium hydroxide and 1 equivalent of [bis(acetoxy)iodo]benzene, followed by 
conversion of the acetal to the ketone under acidic conditions, giving 41 in a 
disappointing 28% yield with a large amount of unsubstituted ketone 40 
recovered. The yield of this reaction can probably be improved by increasing the 
amount of [bis(acetoxy)iodo]benzene. However, due to the disappointing outcome 
of the next step, the enzymatic kinetic resolution, this was not pursued. Whereas 
the enzyme displayed a high selectivity with the resolution of 41, in the case of 
xylyl-based α-hydroxy ketone 41 a slow conversion, in combination with a rather 
poor selectivity, was found following the reaction with chiral HPLC (Table 1). 
After one night, only 14% of conversion was found. Addition of an extra batch of 
enzyme did lead to an enhanced conversion, and after another 24 h almost half of 
the starting material was acetylated. At this stage, theoretically the ee of the 
remaining α-hydroxy ketone could have already been over 90%, however a rather 
disappointing 20% ee was determined. The addition of a third batch of enzyme was 
required to get the conversion up to 64% after three days, when an ee of 34% of the 
remaining α-hydroxy ketone was determined. Prolonged reaction times did only 
lead to a slight further conversion, and also the ee of the remaining α-hydroxy 
ketone dropped again, demonstrating the sensitivity to racemization of this 
compound under the reaction conditions. It therefore has to be concluded that the  
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enzyme displays a much too slow conversion of the xylyl-based hydroxyl ketone, 
which slowly racemizes during the long reaction times required. This enzymatic 
pathway therefore appears to be less generally suitable than was hoped for 
initially, however could still be generally applicable for naphthalene-based 
ketones. 
 
Scheme 4.11 Attempted synthesis of α-methoxy ketone (S)-42 via the enzymatic kinetic 
resolution of α-hydroxy ketone (S)-41. 
Table 4.1 Enzymatic kinetic resolution of α-hydroxy ketone 41. 
reaction time (h)  16*  40*  64  88  112 
conversion  (%)  14 47 64 70 70 
ee  (%)  4  20 34 32 27 
*: An additional batch of enzyme was added. 
4.4   Non-Racemizing Coupling Conditions for the Synthesis of 
Second-Generation Light-Driven Motors 
The standard methodology for the coupling of the two halves of the molecule 
forming the central overcrowded olefinic bond during the synthesis of second-
generation light-driven molecular motors is the Barton-Kellogg reaction, which 
involves the coupling reaction between a diazo compound and a thioketone. This 
requires the conversion of the upper-half ketones to the corresponding 
hydrazones, generally accomplished by treatment with hydrazine at elevated 
temperatures, whose oxidation subsequently gives the desired diazo compound  
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needed for the coupling with a lower-half thioketone. As discussed in Section 4.2.2, 
this pathway leads to fully racemized product, due to the basic nature of 
hydrazine. This base can deprotonate at the α-position next to the carbonyl leading 
to enolization, and non-stereoselective re-protonation leads to rapid racemization 
of the ketone. As was also discussed in this section, a potential way to suppress 
this racemization process could be the use of 1,2-bis(TBS)hydrazine. The presence 
of the bulky TBS-groups makes this hydrazine analogue a very sterically hindered 
base. However, under certain optimized conditions conversion of the ketone to the 
TBS-hydrazone still takes place rapidly. In the following section, for a series of 
enantiomerically pure ketones (Figure 2), first the conversion to the corresponding 
TBS-hydrazones is analyzed, to see whether or not this step indeed in general takes 
place with strongly suppressed racemization at the α-position. Hereafter, also the 
subsequent steps in the coupling - the oxidation to the diazo compound, the 
subsequent Barton-Kellogg reaction yielding the episulfide and the reduction of 
this compound to give the desired overcrowded alkene - are investigated in order 
to see if the synthesis of completely enantiomerically pure second-generation light-
driven molecular motors is indeed viable via this route. But first, a more 
convenient method to synthesize the required 1,2-bis(TBS)hydrazine will be 
described. 
 
Figure 4.2 The four enantiomerically pure upper-half ketones to be converted to the 
corresponding TBS-hydrazones. 
4.4.1   Synthesis of 1,2-Bis(TBS)hydrazine 
The method for the preparation of 1,2-bis(TBS)hydrazine as reported by Myers and 
co-worker involves the use of anhydrous hydrazine as a reagent (Scheme 4.12a).11 
Unfortunately, however, the sale of pure anhydrous hydrazine in Europe is 
prohibited as this reagent is highly explosive, and as a consequence we were 
unable to obtain it from any commercial supplier. The in-house preparation of 
anhydrous hydrazine via distillation is obviously also highly dangerous, and it can 
only be performed on a very small scale. In order to obtain the desired 1,2-
bis(TBS)hydrazine in large quantities, needed because the TBS-hydrazone 
formations are performed “neat” in approximately a mL of this reagent, an 
alternative method for its preparation was used. This synthesis starts of with 
hydrazine monohydrochloride, which in the presence of two equivalents of TBS- 
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chloride was heated to 110°C in triethylamine (Scheme 4.12b). This reaction is of 
course hampered by the large amounts of triethylammonium chloride formed, 
which rapidly causes the reaction mixture to turn into a solid lump, requiring the 
reaction to be mechanically stirred vigorously and to add extra amounts of 
triethylamine a number of times during the reaction. The reaction can easily be 
followed by 1H NMR, by which it appeared difficult to get the conversion higher 
than 50%, and at a certain stage also the formation of TBS-alcohol was observed. At 
this point, it was therefore decided to work up the reaction, performed by an 
extraction with n-pentane to remove all the salts, after which the crude 1,2-
bis(TBS)hydrazine was distilled under reduced pressure three times after which it 
proved to be completely pure. After only two distillations, the compound 
appeared to be completely pure by 1H NMR, however racemization in the 
following TBS-hydrazone formation step (vide infra) was suppressed to a much 
larger extent after a third distillation. A fourth distillation did not lead to a further 
suppression of racemization in this step. The incomplete conversion of the reaction 
and the number of distillation steps needed to purify the compound resulted in a 
rather poor yield of 27%. This save method can, however, be performed on much 
larger scale, still providing multiple milliliters of pure 1,2-bis(TBS)hydrazine. 
 
Scheme 4.12 Synthesis of 1,2-bis(TBS)hydrazine via a) the original procedure of Myers et al. 
requiring explosive anhydrous hydrazine, and b) the more save alternative procedure which 
is based on hydrazine monohydrochloride as the starting material. 
4.4.2   Conversion of the Ketones to the Corresponding TBS-Hydrazones 
The conversion of ketones (S)-31, (S)-6, (S)-25 and (S)-28 to the corresponding TBS-
hydrazones was performed next, monitoring the conversion by 1H NMR and the ee 
of both the ketone and the TBS-hydrazone by chiral HPLC. However, conditions 
for the separation of the enantiomers of the TBS-hydrazones by analytical chiral 
HPLC were very difficult to find. In fact, a good baseline separation was 
established only for TBS-hydrazone (S)-43, for (S)-44 only a slight, but far from 
baseline, separation was found. It was found, however, that for the corresponding 
hydrazones, obtained by a quick removal of the TBS-group using tetra-
butylammonium fluoride (TBAF), in each case a very good separation on chiral 
a) 
b)  
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HPLC was established. Importantly, no racemization took place during this step, 
as proven for the conversion of both (S)-43 and (S)-44 to the corresponding 
hydrazones. Therefore, in each of the following reactions, the ee of the formed TBS-
hydrazone was determined by HPLC analysis of the corresponding hydrazone 
after removal of the TBS-group using TBAF. 
 
Scheme 4.13 Conversion of ketone (S)-31 to TBS-hydrazone (S)-43. 
The first enantiomerically pure ketone whose conversion to the corresponding 
TBS-hydrazone was investigated, was (S)-31 (Scheme 4.13). The initial conditions 
u s e d  c o m p r i s e  o f  s t i r r i n g  a  m i x t u r e  o f  ( S)-31 in 2 equivalents of 1,2-
bis(TBS)hydrazine in the presence of 2 mol% of scandium triflate, a Lewis acid 
needed to catalyse the reaction, at 70°C. By 1H NMR it was shown that full 
conversion under these conditions was obtained after 45 min. HPLC analysis of the 
hydrazone showed that the product (S)-43 was obtained in 84% ee: a small but 
significant drop compared to the initial 98% ee of the ketone starting material. This 
result is in agreement with the original results from Dr. S. G. Davey, who found a 
large portion of enantiomerically pure product crystallizing from the mixture 
during work-up, and small amount of racemic product remaining in solution. In 
order to investigate the cause of this small degree of racemization, the ee of both 
ketone (S)-31 and of TBS-hydrazone (S)-43 was monitored during the conversion 
(Table 4.2).  
Table 4.2 Ee of both ketone (S)-31 and TBS-hydrazone (S)-43 over the course of the reaction. 
conversion  (%)  0  20 50 95 
ee ketone 31  (%)  98 91 84 47 
ee TBS-hydrazone 43  (%)   93  84 
 
It was found that the ee of the initially formed TBS-hydrazone (S)-43, after 20% of 
conversion, was 93%, which is only slightly lower than the ee of the ketone starting 
material. During the conversion, the ee of ketone (S)-31, however, was found to 
gradually decrease: after 50% conversion, the ee of the ketone had dropped to 84%. 
As the reaction progressed, the ee of the formed TBS-hydrazone (S)-43 also  
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decreased, ending up at 84% ee when full conversion was reached. No further drop 
in  ee of the TBS-hydrazone was observed after the conversion was complete, 
indicating that the small amount of racemization found is caused solely by gradual 
racemization of ketone (S)-31, not of hydrazone (S)-43, under these reaction 
conditions. 
Two additional experiments were conducted to determine the cause of the 
decrease in ee. First, a mixture (S)-31 and 1,2-bis(TBS)hydrazine was stirred 
overnight at elevated temperature, in absence of scandium triflate. Both at 70°C 
and 100°C this resulted in only a marginal drop in ee of ketone (S)-31: 97% and 94% 
ee after overnight stirring at 70°C and 100°C, respectively. This effect is far too 
small to account for the observed loss in ee after the conversion to the TBS-
hydrazone, since this conversion was completed in 45 min. In the second 
experiment, ketone (S)-31 and a catalytic amount of scandium triflate were 
dissolved in dichloroethane and stirred at 70°C. In this case, a rapid loss of 
enantiopurity of (S)-31 was observed: after 3 h the ee had dropped to 50%. These 
findings suggest that the scandium triflate is the major cause of racemization of (S)-
31 during the formation of the TBS-hydrazone, most likely via reversible 
enolization of the ketone by this Lewis acid. 
A number of attempts to further reduce the extent of racemization during this 
conversion are summarized in Table 4.3. 
Table 4.3 Attempts to fully suppress racemization during the formation of TBS-hydrazone 
(S)-43 by modifications of the reaction conditions. 
entry 
1,2-bis(TBS)hydrazine  
(eq) 
Sc(OTf)3 
(mol%) 
temperature 
(°C) 
ee 43 
(%) 
1 2  2  70  84 
2 2  2  60  84 
3 2  2  45  80 
4 8  2  70  83 
5 8  8  70  84 
6 2  40  70  55 
7* 8  0.4  70  77 
8* 2  0.1  70  80 
*: Conversion was completed after 16 h, instead of 45 min. 
Lowering the reaction temperature (entries 1-3), increasing the amount of 1,2-
bis(TBS)hydrazine only (entry 4), or increasing the amount of both 1,2-
bis(TBS)hydrazine and scandium triflate (entry 5) did not lead to an increase in ee 
of the product, however also not to a significant decrease. A larger amount of 
scandium triflate, however, did lead to a substantial decrease in ee of the product  
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(entry 6). The Lewis acid again appeared to be the major cause of racemization, 
therefore the amount of scandium triflate was decreased. This however resulted in 
a much longer reaction time needed to achieve full conversion, causing a small 
decrease in ee of the product (entry 7-8). Disappointingly, it has to be concluded 
that the small amount of razemization during the formation of the TBS-hydrazone 
observed initially has not been successfully suppressed by small alterations of the 
applied reaction conditions in the case of ketone (S)-31. Full suppression of 
racemization might be obtainable via a more thorough screening of conditions, 
including a wider range of Lewis acids. Such an extended screening study lies 
outside the scope of this work, however. Towards the main goal of this research, 
obtaining the second-generation light-driven molecular motor enantiomerically 
pure in a fast way and in rather large quantities, the 84% ee in which the TBS-
hydrazone is obtained can also be regarded sufficient. Via a quick recrystallization 
of the overcrowded alkene, the ee can be increased to get the product 
enantiomerically pure, as was already demonstrated by Dr. S. G. Davey in his 
initial experiment. 
 
Scheme 4.14 Reaction conditions applied for the conversion of ketones (S)-6 (a), (S)-25 (b) 
and (S)-28  (c) to the corresponding TBS-hydrazones and the ee values of these TBS-
hydrazones. 
a) 
b) 
c)  
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The results of the conversion of enantiomerically pure ketones (S)-6, (S)-25 and (S)-
28 are summarized in Scheme 4.14. Ketone (S)-6, which had been stored about one 
year at room temperature, was found to have racemized to some extent: an ee of 
78% was determined. It was decided, however, to use this partially racemized 
ketone and evaluate the ee of the formed TBS-hydrazone with respect to the 78% ee 
of the starting material. Compared to the formation of TBS-hydrazone (S)-43, the 
formation of (S)-44 required a higher reaction temperature (100°C), due to the 
higher steric hindrance caused by the methyl substituent compared to that of the 
methoxy group (Scheme 4.14a). Using the same amounts of 1,2-bis(TBS)hydrazine 
and scandium triflate as in the case of the formation of (S)-43, conversion again 
was found to be complete after 45 min and (S)-44 was obtained in 64% ee. As in this 
case a starting material with only 78% ee was used, the drop in ee over the course of 
this TBS-hydrazone formation is very similar to what was found in the case of the 
formation of (S)-43. Monitoring the ee of ketone 6 and TBS-hydrazone 44 over the 
course of the reaction using HPLC, it was again found that this small drop in ee 
was due to the gradual racemization of the ketone starting material. 
The conversion of ketone (S)-25 to the corresponding TBS-hydrazone appeared to 
be much more difficult and required harsher reaction conditions (Scheme 4.14b). 
Full conversion was only achieved by stirring a mixture of (S)-25, 4 equivalents of 
1,2-bis(TBS)hydrazine and 5 mol% of scandium triflate at 100°C for 3 h. Applying 
these reaction conditions, TBS-hydrazone (S)-45 was obtained in only 47% ee. Also 
the formation of TBS-hydrazone (S)-46 required more drastic reaction conditions: 
treatment with 3 equivalents of 1,2-bis(TBS)hydrazine and no less than 10 mol% of 
scandium triflate at 100°C were necessary to drive the conversion of (S)-28 to (S)-46 
to completion in 3 h (Scheme 4.14c). TBS-hydrazone (S)-46 was obtained in only 
30% ee. The fact that in the case of the six-membered ring based ketones (S)-45 and 
(S)-46 both a larger amount of Lewis acid and a longer reaction time is needed, by 
which the enantiopure ketone is subjected to stronger racemizing conditions for a 
longer period of time, results in the large drop in ee over the course of these 
reactions. This methodology has to be strongly improved in terms of reaction 
conditions in the case of these six-membered ring based ketones to be useful 
towards the enantioselective synthesis of second-generation molecular motors, as 
now the drop in ee is too large to be “repaired” by one or two crystallizations of the 
final overcrowded alkene. In the final part of this chapter, where the final steps in 
the synthesis of enantiomerically pure second-generation molecular motors via the 
Barton-Kellogg coupling are discussed, therefore only the five-membered ring 
based upper-half bearing a methoxy substituent will be used. The results obtained 
in this part are based on TBS-hydrazone (S)-43, which was obtained in 84% ee.  
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4.4.3   The Barton-Kellogg Coupling Reaction 
After the conversion of enantiomerically pure ketone (S)-31 to the TBS-hydrazone 
with only a slight degree of racemization had been accomplished, it was expected 
that the ee would not be affected in the remaining steps in the synthesis of a 
second-generation light-driven molecular motor. Moreover, the ee of the products 
of the Barton-Kellogg coupling was anticipated to be amenable to improvement via 
recrystallization. The first motor molecule that was synthesized to test this was (S)-
49. The thioketone lower-half that was required for this coupling is 47, which was 
available in our laboratories in large quantities. The coupling reaction was 
performed by concentrating a freshly synthesized sample of (S)-43  in vacuo to 
remove the excess of 1,2-bis(TBS)hydrazine, which was used without further 
purification in the coupling steps. To a solution containing (S)-43 and thioketone 47 
in a 1:1 mixture of  DMF and dichloromethane stirred at -50°C, PhI(OAc)2 was 
added, after which the mixture was allowed to warm up to room temperature in 
the course of 2 h, affording episulfide (S)-48 in 33% yield from ketone (S)-31 
(Scheme 4.15).  
 
Scheme 4.15 Synthesis of enantiomerically pure second-generation light-driven molecular 
motor (S)-49. 
Chiral HPLC analysis showed that the episulfide was obtained in 84% ee, which is 
identical to the ee of the TBS-hydrazone starting material. Moreover, the ee of the  
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episulfide was successfully increased to >99% by recrystallizing the compound 
twice from ethyl acetate. This did obviously decrease the isolated yield: 
enantiomerically pure (S)-48 was obtained in 41% after the double recrystallization 
with respect to the crude product. Treatment of this mixture with 
triphenylphosphine in refluxing p-xylene smoothly converted the episulfide to the 
desired alkene (S)-49 without any racemization taking place, as determined by 
chiral HPLC. 
The second molecular motor that was synthesized from TBS-hydrazone (S)-43 was 
(S)-52, bearing two “legs” with ester functionalities on its lower-half which allows 
grafting of this molecule to a surface via two points of attachment.1b Appropriately 
functionalized thioketone precursor 50 was kindly provided by Dr. M. M. Pollard, 
and using conditions identical to those described for the synthesis of (S)-49 the 
Barton-Kellogg coupling was accomplished (Scheme 4.16).  
 
Scheme 4.16 Synthesis of enantiomerically pure second-generation light-driven molecular 
motor (S)-52 bearing ester functionalities on its lower half allowing its “double-legged” 
attachment to a surface.  
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The purification of episulfide (S)-51 proved to be challenging, as no conditions 
were found to separate it by column chromatography from the corresponding 
ketone of lower-half thioketone 50, formed during the reaction. Therefore, the 
crude mixture was treated with hydrazine, converting the ketone rapidly to the 
corresponding hydrazone which was easily separable from the episulfide, 
affording episulfide (S)-51 in 56% yield from ketone (S)-31. Chiral HPLC analysis 
showed that the episulfide was obtained in 84% ee, identical to the ee of the TBS-
hydrazone, so it can be concluded that the configuration of the episulfide was not 
affected by the treatment with hydrazine. Again it was demonstrated that the ee of 
the episulfide can be increased up to enantiopurity via recrystallization: after two 
recrystallizations from iso-propanol, the ee of (S)-51 had been increased to >99% as 
determined by chiral HPLC. Enantiomerically pure (S)-51 was isolated in 52% 
yield after the double recrystallization with respect to the crude product. 
Subsequent desulphurization with triphenylphosphine finally yielded second-
generation light-driven molecular motor (S)-52 containing a functionalized lower-
half in 52% yield and >99% ee. 
4.5   Conclusions 
With the aim to develop a practical and broadly applicable enantioselective 
synthesis route toward second-generation light-driven molecular motors, in this 
chapter a number of new strategies have been presented. For the first step, the 
synthesis of enantiomerically pure ketone upper-halves, methodology employing 
the enantiopure “Roche ester” as a starting material proved useful for the synthesis 
of ketones based on a six-membered ring with a sulfur-atom incorporated. 
Unfortunately, the synthesis of a similar ketone with an incorporated oxygen atom 
in the ring via this route failed, due to the lower nucleophilicity of naphthol 
compared to thionaphthol in the key addition step. Alternatively, the enzymatic 
kinetic resolution of α-hydroxy ketones was used to generate, after a methylation 
step, an α-methoxy ketone enantiomerically pure. Also, the resolution of a xylyl-
based α-hydroxy ketone was attempted via this enzymatic kinetic resolution, in 
this case unfortunately the enzymatic conversion proceeded slow and unselective, 
however. It therefore has to be concluded that both of these strategies to synthesize 
enantiopure upper-half ketones are less generally applicable than was initially 
hoped for. 
Whereas the subsequent conversion of enantiomerically pure upper-half ketones to 
the corresponding hydrazones proceeds with rapid racemization, conversion to the 
corresponding TBS-hydrazones in a reaction with 1,2-bis(TBS)hydrazine resulted 
in suppression of racemization, depending on the substrate used. First a new and 
saver method for the preparation of 1,2-bis(TBS)hydrazine was developed. It was  
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found that the conversion of five-membered ring ketones 31 and 6 to the 
corresponding TBS-hydrazones was readily achieved with strongly suppressed 
degrees of racemization, making this a viable route towards second-generation 
motors containing a five-membered ring in the upper-half. In the case of the six-
membered ring based ketones 25 and 28 unfortunately a much higher degree of 
racemization over the course of the reaction was found, caused by the harsher 
conditions needed to achieve conversion. To make this synthetic route valuable for 
the enantioselective synthesis of second-generation motors containing six-
membered ring in the upper-half, a more extensive study of reaction conditions, 
probably focused on different Lewis acid catalysts, would be required. 
Finally TBS-hydrazone 43, which was obtained in 84% ee, was employed in the 
synthesis of two second-generation molecular motors. It was found that by 
recrystallization of the episulfides obtained after the coupling to the lower-halves, 
the small drop in ee suffered during the formation of the TBS-hydrazone could be 
“repaired”, and in both cases the desired overcrowded alkenes were obtained 
enantiomerically pure. In this way, relatively large amounts of enantiopure 
molecular motor compound can be accessed via an elegant synthetic route, 
circumventing tedious and time-consuming preparative chiral HPLC. 
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4.7   Experimental Section 
General remarks 
For general remarks, see Section 2.6.  
 
(R)-Methyl 2-methyl-3-(tosyloxy)propanoate (22) 
T o  a  s o l u t i o n  o f  ( R)-methyl 3-hydroxy-2-methylpropanoate (3.5 g, 30 mmol) in 
CH2Cl2 (50 mL), stirred at 0°C, triethylamine (5.0 mL, 3.6 g, 36 mmol), 
dimethylaminopyridine (0.73 g, 6 mmol)  and tosyl chloride (6.8 g, 36 mmol) were 
added, and the mixture was stirred overnight during which it was allowed to  
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warm up to room temperature. The mixture was poured on water (100 mL), the 
aqueous layer was extracted with CH2Cl2 (2 x 100 mL), after which the combined 
organic layers were washed with a saturated solution of sodium bicarbonate (50 
mL) and brine (50 mL). The organic layer was dried over sodium sulphate, 
concentrated in vacuo and purified by column chromatography (SiO2, CH2Cl2 + 5% 
MeOH, Rf = 0.5), affording the tosylate as a colourless oil (6.3 g, 23.2 mmol, 77%); 
1H NMR (400 MHz, CDCl3) δ 1.13 (d, J = 6.6 Hz, 3H), 1.40 (s, 3H), 2.78 (m, 1H), 3.59 
(s, 3H), 4.02 (dd, J = 15.4, 6.6 Hz, 1H), 4.14 (dd, J = 14.8, 6.0 Hz, 1H), 7.33 (d, J = 7.0 
Hz, 2H), 7.73 (d, J = 6.8 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 12.1 (q), 20.1 (q), 
37.7 (d), 50.5 (q), 69.2 (t), 126.4 (2xd), 128.3 (2xd), 131.6 (s), 143.4 (s), 171.8 (s); m/z 
(EI+, %) = 272 (M+, 20), 91 (100); HRMS (EI+): calcd for C12H16O5S 272.0718, found 
272.0712. 
 
(S)-2-Methyl-3-(naphthalen-2-ylthio)propanoic acid (24) 
Cesium carbonate (3.8 g, 11.6 mmol) was added to a solution of thionaphthol (3.5 
g, 21.5 mmol) in DMF (150 mL). The mixture was stirred for 15 min, after which 
(R)-22 (4.5 g, 16.5 mmol) was added and the mixture was stirred for another h. The 
majority of the solvent was removed under reduced pressure, and subsequently 
the mixture was taken up in EtOAc (200 mL) and the organic solution was washed 
with an aqueous solution of HCl (0.1 M, 2 x 50 mL) and brine (50 mL). The organic 
layer was dried over sodium sulphate, concentrated in vacuo, affording the crude 
methyl ester (S)-23 which was used without further purification in the hydrolysis 
step. 1H NMR (400 MHz, CDCl3) δ 1.26 (d, J = 6.6 Hz, 3H), 2.72 (m, 1H), 3.00 (dd, J 
= 14.4, 5.0 Hz, 1H), 3.36 (dd, J = 15.3, 5.4 Hz, 1H), 3.61 (s, 3H), 7.38-7.44 (m, 3H), 
7.69-7.78 (m, 4H). To a solution of (S)-23 (4.3 g, 16.5 mmol) in THF (100 mL), stirred 
at room temperature, a solution of lithium hydroxide (1.2 g, 50 mmol) in water (75 
mL) was added, and the mixture was stirred vigorously overnight. The mixture 
was poured onto an aqueous solution of HCl (10%, 100 mL) after which it was 
extracted with EtOAc (3 x 100 mL). The combined organic layers were washed 
with brine (100 mL), dried over sodium sulphate and concentrated in vacuo, and 
purified by column chromatography (SiO2, gradient n-pentane:EtOAc = 4:1, Rf = 
0.2, to pure EtOAc) affording acid (S)-24 as an off-white solid (3.4 g, 13.8 mmol, 
84%); mp 99-101°C; 1H NMR (400 MHz, CDCl3) δ 1.31 (d, J = 6.8 Hz, 3H), 3.76 (m, 
1H), 2.96 (dd, J = 15.2, 4.8 Hz, 1H), 3.38 (dd, J = 14.6, 5.8 Hz, 1H), 7.38-7.45 (m, 3H), 
7.73-7.82 (m, 4H); 
13C NMR (100 MHz, CDCl3) δ 17.0 (q), 36.7 (t), 39.9 (d), 121.5 (d), 
126.4 (d), 126.6 (d), 127.5 (d), 127.7 (s), 128.0 (d), 129.0 (d), 129.5 (d), 131.5 (s), 132.5 
(s), 181.5 (s); m/z (EI+, %) = 246 (M+, 100), 173 (83); HRMS (EI+): calcd for 
C14H14O2S: 246.0715, found: 225.0724.  
 
 
150 
 
 
 
 
   Chapter4.doc 
Chapter 4 
 
 
(S)-2-Methyl-2,3-dihydro-1H-benzo[f]thiochromen-1-one (25) 
To a solution of (S)-24 (3.4 g, 13.8 mmol) in CH2Cl2 (150 mL), stirred at 0°C, oxalyl 
chloride (13.0 mL, 17.5 g, 138 mmol) was added, followed by a few drops of DMF, 
after which the mixture was stirred at room temperature for 1 h. The mixture was 
concentrated  in vacuo and the residue dissolved in CH2Cl2 (100 mL). To the 
solution, stirred at 0°C, aluminum trichloride (5.5 g, 41.5 mmol) was added and the 
mixture was stirred for 1 h. The mixture was poured on a saturated aqueous 
solution of sodium bicarbonate (300 mL) and extracted with EtOAc (3 x 300 mL). 
The combined organic layers were washed with brine (100 mL), dried over sodium 
sulphate and concentrated in vacuo, affording ketone (S)-25 as a slightly yellow oil 
(12.7 g, 92%). 1H NMR (400 MHz, CDCl3) δ 1.38 (d, J = 6.4 Hz, 3H), 3.03-3.25 (m, 
3H), 7.20 (d, J = 8.4 Hz, 1H), 7.40 (t, J = 8.8 Hz, 1H), 7.53 (t, J = 8.6 Hz, 1H), 7.68-7.74 
(m, 2H), 9.02 (d, J = 9.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 15.3 (q), 32.8 (t), 42.9 
(d), 124.9 (d), 125.1 (d), 125.4 (d), 125.6 (s), 128.4 (d), 128.6 (s), 131.5 (d), 132.2 (d), 
133.1 (s), 143.8 (s), 199.1 (s); m/z (EI+, %) = 228 (M+, 38), 186 (100); HRMS (EI+): 
calcd for C14H12OS: 228.0609, found: 228.0616. The ee was determined by HPLC 
analysis: Chiralpak AD, n-heptane:i-PrOH = 99.5:0.5, flow rate = 1.0 mL/min, Rt = 
17.2 min (R), Rt = 18.6 min (S) (separation conditions found using racemic 25, 
synthesized before via a different route18); ee: 97%. 
 
(S)-3-(2,5-Dimethylphenylthio)-2-methylpropanoic acid (27) 
Cesium fluoride (530 mg, 3.5 mmol) was added to a solution of 2,5-
dimethylthiophenol (620 mg, 4.5 mmol) in DMF (20 mL), after which the mixture 
was stirred for 20 min at rt. (R)-22 (950 mg, 3.5 mmol) was added and the mixture 
was stirred for another h. The majority of the solvent was removed under reduced 
pressure, the mixture was taken up in EtOAc (100 mL) and the organic solution 
was washed with an aqueous solution of HCl (0.1 M, 2 x 50 mL) and brine (50 mL). 
The organic layer was dried over sodium sulphate and concentrated in vacuo 
affording the crude methyl ester (S)-26 which was used without further 
purification in the hydrolysis step. 1H NMR (400 MHz, CDCl3) δ 1.29 (d, J = 7.0 Hz, 
3H), 2.30 (s, 3H), 2.33 (s, 3H), 2.70 (m, J = 7.1 Hz, 1H), 2.88 (dd, J = 13.2, 7.0 Hz, 1H), 
3.23 (dd, J = 12.8, 7.0 Hz, 1H), 3.67 (s, 3H), 6.92 (d, J = 7.3 Hz, 1H), 7.05 (d, J = 7.7  
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Hz, 1H), 7.19 (s, 1H). To a solution of (S)-26 (830 mg, 3.5 mmol) in THF (15 mL), 
stirred at room temperature, a solution of lithium hydroxide (240 mg, 10 mmol) in 
water (10 mL) was added, and the mixture was stirred vigorously overnight. The 
mixture was poured onto an aqueous solution of HCl (10%, 25 mL) after which it 
was extracted with EtOAc (3 x 25 mL). The combined organic layers were washed 
with brine (25 mL), dried over sodium sulphate and concentrated in vacuo, and 
purified by column chromatography (SiO2, gradient n-pentane:EtOAc = 4:1, Rf = 
0.24, to pure EtOAc) affording acid (S)-27 as a slightly yellow oil (470 mg, 2.1 
mmol, 60%). 1H NMR (400 MHz, CDCl3) δ 1.33 (d, J = 7.0 Hz, 3H), 2.31 (s, 3H), 2.35 
(s, 3H), 2.73 (m, J = 7.0 Hz, 1H), 2.88 (dd, J = 13.0, 7.2 Hz, 1H), 3.26 (dd, J = 13.0, 6.8 
Hz, 1H), 6.93 (d, J = 7.7 Hz, 1H), 7.06 (d, J = 7.3 Hz, 1H), 7.15 (s, 1H); 13C NMR (100 
MHz, CDCl3) δ 16.8 (q), 20.1 (q), 21.1 (q), 36.5 (t), 39.7 (d), 127.4 (d), 130.3 (2xd), 
134.3 (s), 135.5 (s), 136.1 (s), 181.7 (s); m/z (EI+, %) = 224 (M+, 82), 151 (100); HRMS 
(EI+): calcd for C12H16O2S: 224.0871, found: 224.0867. 
 
(S)-3,5,8-Trimethylthiochroman-4-one 28 
To a solution of (S)-27 (300 mg, 1.45 mmol) in CH2Cl2 (15 mL), stirred at 0°C, oxalyl 
chloride (1.4 mL, 1.85 mg, 14.5 mmol) was added, followed by a few drops of DMF, 
after which the mixture was stirred at rt for 1 h. The mixture was concentrated in 
vacuo and the residue dissolved in CH2Cl2 (15 mL). To the solution, stirred at 0°C, 
aluminum trichloride (580 mg, 4.4 mmol) was added and the mixture was stirred 
for 1 h. The mixture was poured on a saturated solution of sodium bicarbonate (50 
mL) and extracted with EtOAc (3 x 50 mL). The combined organic layers were 
washed with brine (50 mL), dried over sodium sulphate and concentrated in vacuo, 
affording ketone (S)-28 as a slightly yellow solid (233 mg, 84%). mp 45-47°C; 1H 
NMR (300 MHz, CDCl3) δ 1.30 (d, J = 6.2 Hz, 3H), 2.27 (s, 3H), 2.53 (s, 3H), 2.92-3.17 
(m, 3H), 6.88 (d, J = 7.7 Hz, 1H), 7.11 (d, J = 7.3 Hz, 1H); 13C NMR (100 MHz, 
CDCl3) δ 15.1 (q), 19.9 (q), 23.4 (q), 32.1 (t), 42.7 (d), 127.9 (d), 130.1 (s), 132.6 (s), 
132.8 (d), 139.6 (s), 141.4 (s), 199.6 (s); m/z (EI+, %) = 206 (M+, 40), 164 (100); HRMS 
(EI+): calcd for C12H14O2S: 206.0765, found: 206.0755. The ee was determined by 
HPLC analysis: Chiralcel AD, n-heptane:i-PrOH = 99:1, flow rate = 1.0 mL/min, Rt 
= 5.9 min (R), Rt = 6.9 min (S) (separation conditions found using racemic 28, 
obtained by treatment of (S)-28 with KOH); ee: >99%.  
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3-Chloro-1-(naphthalen-1-yl)propan-1-one (36) 
Aluminum trichloride (34.2 g, 257 mmol) was suspended in dichloromethane (300 
mL). 3-Chloropropionyl chloride (25.7 g, 202 mmol) was added and the mixture 
was cooled to 0°C. Naphthalene (25.7 g, 201 mmol) was added in portions over 15 
min, after which the mixture was stirred overnight at room temperature and 
poured over ice (400 g). The layers were separated and the aqueous layer was 
extracted with dichloromethane (400 mL). The combined organic layers were 
washed with a saturated aqueous solution of sodium bicarbonate (300 mL), dried 
over sodium sulphate and concentrated in vacuo. Purification by column 
chromatography (SiO2, n-pentane:CH2Cl2:Et2O = 75:20:5) yielded 36 as a grey oil 
(22.6 g, 51%). 1H NMR (400 MHz, CDCl3) δ 3.55 (t, J = 6.6 Hz, 2H), 4.00 (t, J = 6.6 
Hz, 2H), 7.50-7.62 (m, 3H), 7.88-7.91 (m, 2H), 8.02 (d, J = 8.1 Hz, 1H), 8.66 (d, J = 8.8 
Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 39.2 (t), 44.3 (t), 124.4 (d), 125.8 (d), 126.7 
(d), 128.1 (d), 128.3 (d), 128.5 (d), 130.1 (s), 133.3 (d), 134.0 (s), 134.9 (s), 200.5 (s); 
m/z (EI+, %) = 218 (M+, 12), 155 (100); HRMS (EI+): calcd for C13H11ClO: 218.0498, 
found: 218.0484. 
 
2,3-Dihydro-1H-cyclopenta[a]naphthalen-1-one (33) 
Ketone 36 (22.6 g, 103 mmol) was added dropwise to concentrated sulphuric acid 
(100 mL) over 25 min. The mixture was heated at 90°C for 80 min, then poured on 
ice (400 g) after which it was extracted with dichloromethane (5 x 300 mL). The 
combined organic layers were washed with water (2 x 800 mL), dried over sodium 
sulphate and concentrated in vacuo. Purification by column chromatography (SiO2, 
CH2Cl2) afforded ketone 33 as an orange solid (11.1 g, 59%). This compound was 
synthesized before via a different route,16 all spectroscopic data were according to 
those reported.  
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2-Hydroxy-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one (32) 
Ketone  33 ( 5 . 0  g ,  2 7 . 4  m m o l )  w a s  d i s s o l v e d in methanol (180 mL) and added 
dropwise to a solution of potassium hydroxide (4.60 g, 82.0 mmol) in methanol (75 
mL) over a period of 15 min at 5°C. The mixture was stirred for 10 min, after which 
[bis(acetoxy)iodo]benzene (9.6 g, 29.8 mmol) was added in small portions over a 
period of 10 min. The mixture was stirred overnight at room temperature. The 
majority of the methanol was removed in vacuo, water (60 mL) was added, and the 
mixture was extracted with ethyl acetate (2 x 50 mL). The combined organic layers 
were washed with water (4 x 50 mL), dried over sodium sulphate and concentrated 
in vacuo. The residue was dissolved in tetrahydrofuran (20 mL) and acidified with 
aqueous hydrochloric acid (15%, 40 mL). After stirring for 1 h, the mixture was 
extracted with ethyl actetate (3 x 30 mL). The combined organic layers were 
washed with water (4 x 80 mL), dried over sodium sulphate and concentrated in 
vacuo. Purification by column chromatography (SiO2, n-heptane:EtOAc:MeOH = 
16:4:1) yielded α-hydroxy ketone 32 as a yellow solid (3.35 g, 62%). mp 143-145°C; 
1H NMR (400 MHz, CDCl3) δ 3.02 (s, 1H), 3.14 (dd, J = 16.9, 4.4 Hz, 1H), 3.67 (dd, J 
= 16.7, 7.5 Hz, 1H), 4.61 (dd, J = 7.3, 4.4 Hz, 1H), 7.52 (d, J = 8.4 Hz, 1H), 7.58 (t, J = 
7,5 Hz, 1H), 7.70 (t, J = 7.7 Hz, 1H), 7.91 (d, J = 8.1 Hz, 1H), 8.11 (d, J = 8.4 Hz, 1H), 
8.99 (d, J = 8.4 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 35.7 (t), 74.4 (d), 124.0 (d), 
124.2 (d), 127.1 (d), 128.5 (d), 128.6 (s), 129.36 (d), 129.44 (s), 133.0 (s), 137.1 (d), 
154.3 (s), 206.9 (s); m/z (EI+, %): 198 (M+, 100); HRMS (EI+): calcd for C13H11O2: 
198.0681, found: 198.0675. 
 
(S)-2-Hydroxy-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one (32) 
Racemic hydroxy-ketone 32 (1.80 g, 9.08 mmol) was dissolved in a mixture of tert-
butyl methyl ether (90 mL) and tetrahydrofuran (30 mL). Isopropenyl acetate (9.12 
g, 91.1 mmol) and Amano Lipase PS from Pseudomonas cepacia (1.36 g) were added, 
and the mixture was stirred overnight, carefully controlling the temperature 
between 22-26°C. The mixture was subsequently filtered and concentrated in vacuo. 
Purification by column chromatography (SiO2, n-heptane:EtOAc:MeOH = 16:4:1) 
yielded α-hydroxy ketone (S)-32 as a yellow solid (845 mg, 47%, >99% ee). The ee 
was determined by HPLC analysis: Chiralcel OB-H, n-heptane:i-PrOH = 90:10, 
flow rate = 0.5 mL/min, Rt = 22.9 min (R), Rt = 33.5 min (S).  
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(S)-2-Methoxy-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one (31) 
Hydroxy-ketone (S)-32 (780 mg, 3.68 mmol, >99% ee) was dissolved in 
iodomethane (10 mL). Calcium sulphate (2.00 g, 14.7 mmol) and silver(I)oxide (2.45 
g, 10.6 mmol) were added and the mixture was stirred overnight at rt. The mixture 
was filtered and the residue was washed with acetone, after which the filtrate was 
concentrated  in vacuo. Purification by column chromatography (SiO2, CH2Cl2) 
yielded methoxy ketone (S)-31 as an orange solid (561 mg, 67%, 98% ee). mp 60-
62°C; 1H NMR (400 MHz, CDCl3) δ 3.13 (dd, J = 17.0, 3.9 Hz, 1H), 3.59 (dd, J = 17.1, 
7.2 Hz, 1H), 3.70 (s, 3H), 4.28 (dd, J = 7.3, 4.0 Hz, 1H), 7.48 (d, J = 8.4 Hz, 1H), 7.57 
(t, J = 7.5 Hz, 1H), 7.68 (t, J = 7.7 Hz, 1H), 7.89 (d, J = 8.1 Hz, 1H), 8.08 (d, J = 8.4 Hz, 
1H), 9.07 (d, J = 8.4 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 33.6 (t), 58.2 (q), 81.4 (d), 
123.8 (d), 124.1 (d), 126.8 (d), 128.2 (d), 129.1 (s), 129.2 (d), 129.4 (s), 132.8 (s), 136.7 
(d), 153.8 (s), 204.2 (s); m/z (EI+, %) = 212 (M+, 25), 182 (100); HRMS (EI+): calcd for 
C14H12O2: 212.0837, found: 212.0829. The ee was determined by HPLC analysis: 
Chiralcel OB-H, n-heptane:i-PrOH = 90:10, flow rate = 0.5 mL/min, Rt = 20.5 min 
(R), Rt = 24.4 min (S). 
 
3-Chloro-1-(2,5-dimethylphenyl)propan-1-one (39) 
Aluminium trichloride (34.2 g, 257 mmol) was suspended in dichloromethane (300 
mL). 3-Chloropropionyl chloride (25.7 g, 202 mmol) was added and the mixture 
was cooled to 0°C. p-Xylene (21.3 g, 201 mmol) was added in portions over 15 min, 
after which the mixture was stirred overnight at rt and poured on ice (400 g). The 
layers were separated and the aqueous layer was extracted with dichloromethane 
(3 x 200 mL). The combined organic layers were washed with a saturated solution 
of sodium bicarbonate (300 mL), dried over sodium sulphate and concentrated in 
vacuo, yielding 39 as a brown liquid (35.2 g, 89%). 1H NMR (400 MHz, CDCl3) δ 
2.37 (s, 3H), 2.47 (s, 3H), 3.38 (t, J = 6.8 Hz, 2H), 3.90 (t, J = 6.8 Hz, 2H), 7.15 (d, J = 
7.7 Hz, 1H), 7.21 (dd, J = 7.7, 1.5 Hz, 1H), 7.45 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 
20.7 (q), 20.8 (q), 39.1 (t), 43.7 (t), 129.2 (d), 132.0 (d), 132.5 (d), 135.3 (s), 135.4 (s), 
136.8 (s), 200.4 (s); m/z (EI+, %) = 196 (M+, 17), 133 (100); HRMS (EI+): calcd for 
C11H13OCl: 196.0655, found: 196.0653.  
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4,7-Dimethyl-2,3-dihydro-1H-inden-1-one (40) 
Ketone 39 (34.0 g, 173 mmol) was added dropwise to concentrated sulphuric acid 
(200 mL) over 40 min. The mixture was heated at 90°C for 80 min, poured over ice 
(1000 g) and extracted with dichloromethane (3 x 600 mL). The combined organic 
layers were washed with water (3 x 1000 mL), dried over sodium sulphate and 
concentrated in vacuo, yielding unsubstituted ketone 40 as an light brown solid 
(21.1 g, 76%). mp 77-78°C; 1H NMR (400 MHz, CDCl3) δ 2.31 (s, 3H), 2.60 (s, 3H), 
2.65-2.68 (m, 2H), 2.95-2.98 (m, 2H), 7.02 (d, J = 7.3 Hz, 1H), 7.24 (d, J = 7.7 Hz, 1H); 
13C NMR (100 MHz, CDCl3) δ 17.4 (q), 18.0 (q), 24.2 (t), 36.6 (t), 129.1 (d), 132.8 (s), 
134.1 (s), 134.3 (d), 135.8 (s), 154.8 (s), 208.3 (s); m/z (EI+, %) = 160 (M+, 100); HRMS 
(EI+): calcd for C11H12O: 160.0888, found: 160.0879. 
 
2-Hydroxy-4,7-dimethyl-2,3-dihydro-1H-inden-1-one (41) 
A solution of 41 (2.00 g, 12.5 mmol) in methanol (60 mL) was added dropwise to a 
solution of potassium hydroxide (2.09 g, 37.3 mmol) in methanol (30 mL) over a 
period of 15 min at 5°C. After the mixture was stirred for 10 min, 
[bis(acetoxy)iodo]benzene (4.33 g, 13.4 mmol) was added in small portions over a 
period of 10 min, and the mixture was stirred overnight at room temperature. The 
majority of the methanol was then removed in vacuo, water (30 mL) was added, 
and the mixture was extracted with ethyl acetate (2 x 30 mL). The combined 
organic layers were washed with water (4 x 30 mL), dried on sodium sulphate and 
concentrated in vacuo. The mixture was dissolved in tetrahydrofuran (8 mL) and 
acidified with aqueous hydrochloric acid (15%, 8 mL). After stirring for 3 h, the 
mixture was extracted with ethyl acetate (3 x 15 mL). The combined organic layers 
were washed with water (4 x 30 mL), dried over sodium sulphate and concentrated 
in vacuo. Purification by column chromatography (SiO2, n-heptane:EtOAc = 3:1) 
yielded α-hydroxy ketone 41 as a white solid (621 mg, 28%). mp 113-116°C; 1H 
NMR (400 MHz, CDCl3) δ 2.30 (s, 3H), 2.59 (s, 3H), 2.81 (dd, J = 16.7, 4.6 Hz, 1H), 
2.91 (d, J = 1.8 Hz, 1H), 3.45 (dd, J = 16.5, 8.1 Hz, 1H), 4.45 (m, 1H), 7.06 (d, J = 7.3 
Hz, 1H), 7.30 (d, J = 7.7 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 17.6 (q), 18.0 (q), 
33.6 (t), 74.2 (d), 129.7 (d), 131.4 (s), 132.9 (s), 135.8 (d), 136.5 (s), 150.3 (s), 207.9 (s); 
m/z (EI+, %) = 176 (M+, 100); HRMS (EI+): calcd for C11H12O2: 176.0837, found: 
176.0829.  
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(S)-2-Hydroxy-4,7-dimethyl-2,3-dihydro-1H-inden-1-one (41) 
Racemic hydroxy-ketone 41 (850 mg, 4.82 mmol) was dissolved in a mixture of tert-
butyl methyl ether (50 mL) and tetrahydrofuran (16 mL). Isopropenyl acetate (4.83 
g, 48.2 mmol) and Amano Lipase PS from Pseudomonas cepacia (723 mg) were 
added, and the mixture was stirred overnight, carefully controlling the 
temperature between 22-26°C. The reaction was monitored by HPLC analysis 
(Chiralcel OB-H, n-heptane:i-PrOH = 95:5, flow rate = 0.5 mL/min, Rt = 17.4 min 
(S), Rt = 21.5 min (R)). Under these conditions, the highest observed ee of 41 was 
34%. 
 
1,2-Bis(tert-butyldimethylsilyl)hydrazine 
Triethylamine (25 mL) was slowly added at rt to a  mixture of hydrazine 
monohydrochloride (3.43 g, 50.0 mmol) and tert-butyldimethylsilyl chloride (15.1 
g, 100 mmol), after which the mixture was stirred at 110°C for 4 h 30 min. During 
the reaction, additional triethylamine (10 mL each time) was added after 5 min, 50 
min, 1 h 30 min, and 2 h 20 min. The mixture was extracted with n-pentane (5 x 100 
mL) and the combined layers were concentrated in vacuo. Two distillations under 
reduced pressure (85°C at 1 mmHg) yielded the product as a colourless liquid (3.5 
g, 27%). 1H NMR (400 MHz, CDCl3) δ -0.02 (s, 12H), 0.88 (s, 18H), 2.34 (s, 2H); 13C 
NMR (100 MHz, CDCl3) δ -5.6 (q), 18.1 (s), 26.9 (q); m/z (EI+, %): 260 (M+, 83), 83 
(100); HRMS (EI+): calcd for C12H23N2Si2: 260.2104, found: 260.2103.  
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(S)-1-(tert-Butyldimethylsilyl)-2-(2-methoxy-2,3-dihydro-1H-
cyclopenta[a]naphthalen-1-ylidene)hydrazine (43) 
Ketone (S)-31 (40.0  mg, 0.188 mmol), 1,2-bis(tert-butyldimethylsilyl)hydrazine (98 
mg, 0.380 mmol) and scandium(III)triflate (1.8 mg, 3.7 μmol) were stirred at 70°C 
for 45 min. The mixture was concentrated in vacuo (1 mmHg) at 80°C and TBS-
hydrazone (S)-43 was used in the subsequent step without further purification. 1H 
NMR (400 MHz, CDCl3) δ 0.29 (s, 3H), 0.31 (s, 3H), 1.02 (s, 9H), 3.12 (dd, J = 17.6, 
3.3 Hz, 1H), 3.29 (s, 3H), 3.44 (dd, J = 18.0, 8.1 Hz, 1H), 5.23 (dd, J = 8.1, 3.3 Hz, 1H), 
6.86 (s, 1H), 7.31 (d, J = 8.1 Hz, 1H), 7.46 (m, 1H), 7.54 (m, 1H), 7.68 (d, J = 8.4 Hz, 
1H), 7.81 (d, J = 8.1 Hz, 1H), 9.30 (d, J = 8.1 Hz, 1H); m/z (EI+, %): 340 (M+, 100), 251 
(76); HRMS (EI+): calcd for C20H28N2OSi: 340.1971, found: 340.1974. The ee was 
determined by HPLC analysis: Chiralcel AD, n-heptane:i-PrOH = 99.5:0.5, flow rate 
= 1.0 mL/min, Rt = 4.6 min (S), Rt = 5.6 min (R) and was found to be 84%. (S)-43 
was dissolved in tetrahydrofuran (10 mL). Tetra-n-butylammonium fluoride (234 
mg, 0.9 mmol) was added, after which the mixture was stirred for 5 min. Ethyl 
acetate (100 mL) was added and the mixture was washed with water (4 x 50 mL), 
dried over sodium sulphate and concentrated in vacuo, affording hydrazone (S)-
43H as a slightly brown solid. mp 76-78°C; 1H NMR (400 MHz, CDCl3) δ 3.15 (dd, J 
= 17.6, 3.3 Hz, 1H), 3.42 (s, 3H), 3.44 (dd, J = 17.4, 7.5 Hz, 1H), 5.16 (m, 1H), 6.26 (b, 
2H), 7.34 (d, J = 8.4 Hz, 1H), 7.48 (t, J = 7.3 Hz, 1H), 7.57 (t, J = 7.7 Hz, 1H), 7.76 (d, J 
= 8.4 Hz, 1H), 7.83 (d, J = 8.1 Hz, 1H), 9.19 (d, J = 8.4 Hz, 1H); 13C NMR (100 MHz, 
CDCl3) δ 34.8 (t), 54.3 (q), 77.0 (d), 123.1 (d), 125.50 (d), 125.51 (d), 127.0 (d), 128.1 
(d), 128.5 (s), 129.8 (d), 131.1 (s), 133.0 (s), 142.4 (s), 153.9 (s); m/z (EI+, %): 226 (M+, 
100), 165 (96); HRMS (EI+): calcd for C14H14N2O: 226.1106, found: 226.1105. The ee 
was determined by HPLC analysis: Chiralcel OD-H, n-heptane:i-PrOH = 90:10, 
flow rate = 0.5 mL/min, Rt = 20.2 min (S), Rt = 25.5 min (R); ee: 84%.  
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(S)-1-(tert-Butyldimethylsilyl)-2-(2-methyl-2,3-dihydro-1H-
cyclopenta[a]naphthalen-1-ylidene)hydrazine (44) 
Ketone (S)-6 (40.0 mg, 0.204 mmol, 78% ee), 1,2-bis(tert-
butyldimethylsilyl)hydrazine (106 mg, 0.408 mmol) and scandium(III)triflate (2.0 
mg, 4.1 μmol) were stirred at 100°C for 2 h. The mixture was concentrated in vacuo 
(1 mmHg) at 80°C and TBS-hydrazone (S)-44 was used in the subsequent step 
without further purification. 1H NMR (400 MHz, CDCl3) δ 0.22 (s, 3H), 0.27 (s, 3H), 
0.96 (s, 9H), 1.22 (d, J = 6.6 Hz, 3H), 2.63 (d, J = 15.6 Hz, 1H), 3.35-3.43 (m, 2H), 5.39 
(s, 1H), 7.32 (d, J = 7.6 Hz, 1H), 7.42 (t, J = 7.9 Hz, 1H), 7.48 (t, J = 8.1 Hz, 1H), 7.63 
(d, J = 8.0 Hz, 1H), 7.79 (d, J = 8.2 Hz, 1H), 9.25 (d, J = 8.0 Hz, 1H); m/z (EI+, %): 324 
(M+, 69), 267 (100); HRMS (EI+): calcd for C20H28N2Si: 324.2022, found: 324.2023. 
The  ee was determined by HPLC analysis: Chiralcel AD, n-heptane:i-PrOH = 
99.5:0.5, flow rate = 1.0 mL/min, Rt = 4.0 min (R), Rt = 4.3 min (S); ee: 64%. (S)-44 
was dissolved in tetrahydrofuran (5 mL). Tetra-n-butylammonium fluoride (260 
mg, 1.0 mmol) was added, after which the mixture was stirred for 5 min. Ethyl 
acetate (100 mL) was added and the mixture was washed with water (4 x 50 mL), 
dried over sodium sulphate and concentrated in vacuo, affording (S)-44H as a 
brown oil. This compound was synthesized before via a different route,17 and all 
spectroscopic data were according to those reported. The ee was determined by 
HPLC analysis: Chiralcel OD-H, n-heptane:i-PrOH = 90:10, flow rate = 0.5 
mL/min, Rt = 21.3 min (S), Rt = 29.1 min (R); ee: 64%. 
 
(S)-1-(tert-Butyldimethylsilyl)-2-(2-methyl-2,3-dihydro-1H-benzo[f]thiochromen-
1-ylidene)hydrazine (45) 
Ketone (S)-25 (20.0 mg, 0.088 mmol, >99% ee), 1,2-bis(tert-
butyldimethylsilyl)hydrazine (91 mg, 0.35 mmol) and scandium(III)triflate (1.7 mg, 
4.3 μmol) were stirred at 100 °C for 3 h. The resulting mixture was concentrated in  
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vacuo (1 mmHg) at 100°C and TBS-hydrazone (S)-45 was used in the subsequent 
step without further purification. 1H NMR (400 MHz, CDCl3) δ 0.17 (s, 3H), 0.19 (s, 
3H), 0.95 (s, 9H), 1.23 (d, J = 6.8 Hz, 3H), 2.64 (dd, J = 15.2, 12.5 Hz, 1H), 3.17 (dd, J 
= 14.8, 4.5 Hz, 1H), 3.49 (m, 1H), 5.63 (s, 1H), 7.29 (d, J = 8.9 Hz, 1H), 7.37-7.42 (m, 
2H), 7.58 (d, J = 9.1 Hz, 1H), 7.72 (d, J = 8.2 Hz, 1H), 8.47 (d, J = 8.4 Hz, 1H); m/z 
(EI+, %): 356 (M+, 91), 299 (100); HRMS (EI+): calcd for C20H28N2SiS: 356.1743, found: 
356.1735. No conditions, in terms of analytical HPLC columns and eluent 
combinations, for the separation of the enantiomers of 45 were found, therefore the 
ee of TBS-hydrazone 45 could not be determined directly. It is however assumed to 
be identical to the ee of the corresponding hydrazone 45H, obtained after the next 
step. (S)-45 was dissolved in tetrahydrofuran (5 mL). Tetra-n-butylammonium 
fluoride (117 mg, 0.45 mmol) was added, after which the mixture was stirred for 5 
min. Ethyl acetate (100 mL) was added and the mixture was washed with water (4 
x 50 mL), dried over sodium sulphate and concentrated in vacuo, affording (S)-45H 
as a brown oil. This compound was synthesized before via a different route,18 and 
all spectroscopic data were according to those reported. The ee was determined by 
HPLC analysis: Chiralcel OD-H, n-heptane:i-PrOH = 90:10, flow rate = 0.5 
mL/min, Rt = 35.7 min (R), Rt = 41.5 min (S); ee: 47%. 
 
(S)-1-(tert-Butyldimethylsilyl)-2-(3,5,8-trimethylthiochroman-4-lidene)hydrazine 
(46) 
Ketone (S)-28 (20.0 mg, 0.0969 mmol), 1,2-bis(tert-butyldimethylsilyl)hydrazine 
(101 mg, 0.388 mmol) and scandium(III)triflate (4.8 mg, 9.7 μmol) were stirred at 
100°C for 3 h. The resulting mixture was concentrated in vacuo (1 mmHg) at 100°C 
and TBS-hydrazone (S)-46 was used in the subsequent step without further 
purification.  1H NMR (400 MHz, CDCl3) δ 0.16 (s, 3H), 0.19 (s, 3H), 0.92 (s, 9H), 
1.18 (d, J = 6.4 Hz, 3H), 2.30 (s, 3H), 2.38 (s, 3H), 2.53 (dd, J = 12.7, 10.5 Hz, 1H), 3.09 
(dd, J = 12.8, 6.2 Hz, 1H), 3.36 (m, 1H), 5.46 (s, 1H), 6.92 (s, 2H); m/z (EI+, %): 334 
(M+, 58), 277 (100); HRMS (EI+): calcd for C18H30N2SiS: 334.1899, found: 334.1887. 
No conditions, in terms of analytical HPLC columns and eluent combinations for 
the separation of the enantiomers of 46 were found, therefore the ee of TBS-
hydrazone  46 could not be determined directly. It is however assumed to be 
identical to the ee of the corresponding hydrazone 46H, obtained after the next 
step. (S)-46 was dissolved in tetrahydrofuran (5 mL). Tetra-n-butylammonium  
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fluoride (130 mg, 0.5 mmol) was added, after which the mixture was stirred for 5 
min. Ethyl acetate (100 mL) was added and the mixture was washed with water (4 
x 50 mL), dried over sodium sulphate and concentrated in vacuo. Purification by 
column chromatography (SiO2, n-heptane:EtOAc = 6:1 + 1% triethylamine) yielded 
(S)-46H as a slightly yellow oil; 1H NMR (400 MHz, CDCl3) δ 1.22 (d, J = 6.6 Hz, 
3H), 2.29 (s, 3H), 2.39 (s, 3H), 2.53 (dd, J = 13.0, 10.4 Hz, 1H), 3.06 (dd, J = 12.8, 6.2 
Hz, 1H), 5.40 (b, 2H), 3.33-3.43 (m, 1H), 6.97 (apparent s, 2H); 13C NMR (125 MHz, 
CDCl3) δ 15.1 (q), 20.0 (q), 21.2 (q), 34.7 (d), 36.6 (t), 128.5 (d), 128.9 (d), 133.5 (s), 
134.6 (s), 135.4 (s), 138.1 (s), 151.1 (s); m/z (EI+, %): 220 (M+, 100), 188 (52); HRMS 
(EI+): calcd for C12H16N2S: 220.1034, found: 220.1033. The ee was determined by 
HPLC analysis: Chiralcel OD-H, n-heptane:i-PrOH = 95:5, flow rate = 0.5 mL/min, 
Rt = 24.2 min (R), Rt = 36.1 min (S); ee: 30%. 
 
(S)-Dispiro[2,3-dihydro-2-methoxy-1H-cyclopenta[a]naphthalene-1,2-thiirane-
3,9-(9H-thioxanthene)] (48) 
Hydrazone (S)-43, freshly prepared from ketone (S)-31 (40.0 mg, 0.188 mmol), was 
dissolved in DMF (2 mL) and the solution was stirred at -50°C. 9H-thioxanthene-9-
thione  47 (43.0 mg, 0.188 mmol) dissolved in a 1:1 mixture of DMF and 
dichloromethane (2 mL) was added, and subsequently [bis(acetoxy)iodo]benzene 
(60.5 mg, 0.188 mmol) dissolved in dichloromethane (2 mL), pre-cooled to -50°C, 
was added. The mixture was allowed to slowly warm up to rt, after which stirring 
was continued for 1 h. Water (5 mL) was added and the mixture was extracted 
with ethyl actetate (2 x 10 mL). The combined organic layers were washed with 
water (3 x 15 mL), dried over sodium sulphate and concentrated in vacuo. 
Purification by column chromatography (SiO2, toluene) yielded episulfide (S)-48 as 
a yellow solid (26.4 mg, 33% over 2 steps from ketone (S)-31). The ee determination 
was performed by HPLC analysis: Chiralcel AD, n-heptane:i-PrOH = 99:1, flow 
rate = 1.0 mL/min, Rt = 13.7 min (S), Rt = 15.9 min (R); ee: 84%. Part of this product 
(14.8 mg) was recrystallized twice from ethyl acetate, thereby affording episulfide 
(S)-48 as a white solid (6.1 mg, 41%) in a total yield of 14% from ketone (S)-31; ee: 
>99%. mp 212-214°C; 1H NMR (400 MHz, CDCl3) δ 2.87 (d, J = 16.5 Hz, 1H), 2.95 (d, 
J = 4.4 Hz, 1H), 3.25 (s, 3H), 3.43 (dd, J = 16.3, 4.6 Hz, 1H), 6.77 (d, J = 7.5 Hz, 1H), 
6.93 (t, J = 7.6 Hz, 1H), 6.98 (d, J = 7.7 Hz, 1H), 7.14-7.26 (m, 4H), 7.34 (t, J = 7.5 Hz, 
1H), 7.50 (d, J = 7.5 Hz, 1H), 7.51 (d, J = 6.6 Hz, 1H), 7.55 (d, J = 8.4 Hz, 1H), 7.80 (d, 
J = 7.7 Hz, 1H), 7.92 (d, J = 7.7 Hz, 1H), 8.92 (d, J = 8.8 Hz, 1H); 13C NMR (100 MHz,  
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CDCl3) δ 36.8 (t), 57.0 (q), 60.8 (s), 67.5 (s), 86.5 (d), 123.3 (d), 124.4 (d), 124.6 (d), 
124.9 (d), 126.2 (d), 126.8 (d), 126.9 (2xd), 127.1 (d), 127.3 (d), 127.8 (d), 128.8 (d), 
129.8 (d), 130.9 (s), 131.0 (d), 131.4 (s), 133.0 (s), 134.3 (s), 136.1 (s), 136.8 (s), 138.9 
(s), 141.4 (s); m/z (EI+, %): 424 (M+, 16), 392 (100); HRMS (EI+): calcd for C27H20OS2: 
424.0956, found: 424.0943. 
 
(S)-9-(2-Methoxy-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-9H-
thioxanthene (49) 
A solution of episulfide (S)-48 (6.1 mg, 14.4 μmol, >99% ee) and 
triphenylphosphine (38 mg, 0.14 mmol) in p-xylene (4 mL) was stirred overnight at 
125°C, after which the mixture was concentrated in vacuo. The crude product was 
redissolved in dichloromethane (5 mL) and iodomethane (2 mL) was added, after 
which the mixture was stirred at room temperature for 1 h in order to convert the 
excess triphenylphosphine to the corresponding phosphonium ylide. After 
concentration in vacuo, the residue was pulled over a short plug of silica using 
diethyl ether as the eluent to remove the phosphonium salts formed, and again 
concentrated  in vacuo. The product was further purified by column 
chromatography (SiO2, n-heptane:EtOAc = 1:1), giving (S)-49 as a white solid (5.0 
mg, 87% yield). mp 156-158°C; 1H NMR (400 MHz, CDCl3) δ 2.83 (s, 3H), 3.03 (d, J 
= 16.1 Hz, 1H), 3.61 (dd, J = 15.9, 3.8 Hz, 1H), 5.67 (d, J = 4.0 Hz, 1H), 6.75 (d, J = 7.7 
Hz, 1H), 6.67 (t, J = 7.2 Hz, 1H), 6.79-6.86 (m, 2H), 7.06 (t, J = 7.5 Hz, 1H), 7.17 (t, J = 
7.3 Hz, 1H), 7.28 (t, J = 7.5 Hz, 1H), 7.38 (t, J = 7.5 Hz, 1H), 7.47 (d, J = 8.1 Hz, 1H), 
7.64 (apparent d, J = 8.1 Hz, 3H), 7.70 (d, J = 8.8 Hz, 1H), 7.74 (d, J = 8.1 Hz, 1H); 13C 
NMR (125 MHz, CDCl3) δ 39.8 (t), 55.3 (q), 80.3 (d), 123.7 (d), 124.4 (d), 125.1 (d), 
126.3 (d), 126.4 (d), 126.5 (d), 126.8 (d), 126.9 (d), 127.7 (d), 127.9 (d), 128.1 (d), 128.4 
(d), 128.9 (s), 129.0 (d), 130.4 (d), 133.3 (s), 133.7 (s), 134.8 (s), 135.4 (s), 136.0 (s), 
137.6 (s), 139.4 (s), 139.5 (s), 144.9 (s); m/z (EI+, %) = 392 (M+, 56), 212 (100); HRMS 
(EI+): calcd for C27H20OS: 392.1235, found: 392.1238. The ee determination was 
performed by HPLC analysis: Chiralcel AD, n-heptane:i-PrOH = 99:1, flow rate = 
1.0 mL/min, Rt = 10.7 min (S), Rt = 14.0 min (R) (separation conditions found 
using racemic 49, synthesized starting with racemic α-methoxy ketone 31);  ee: 
>99%.  
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(S)-Dispiro[dimethyl 3,3’-(2-methoxy-2,3-dihydro-1H-cyclopenta[a]naphthalen-
1,2-thiirane,3,9-(9,10-dihydroanthracene-9,9-diyl)dipropanoate)] (51) 
Hydrazone (S)-43, freshly prepared from ketone (S)-31 (40.0 mg, 0.188 mmol), was 
dissolved in DMF (2 mL) and the solution was stirred at -50°C. Thioketone 50 (72.0 
mg, 0.188 mmol), dissolved in a 1:1 mixture of DMF and dichloromethane (2 mL), 
and subsequently [bis(acetoxy)iodo]benzene (60.5 mg, 0.188 mmol), dissolved in 
dichloromethane (2 mL) and pre-cooled to -50°C, were added. The mixture was 
allowed to slowly warm up to room temperature, after which stirring was 
continued for 1 h. Water (5 mL) was added and the mixture was extracted with 
ethyl acetate (2 x 10 mL). The combined organic layers were washed with water (3 
x 15 mL), dried over sodium sulphate and concentrated in vacuo. The crude 
product was re-dissolved in chloroform (2 mL) and hydrazine monohydrate (0.1 
mL) was added, after which the mixture was stirred at rt for 1 min. After 
concentration in vacuo, the product was purified by column chromatography (SiO2, 
n-heptane:EtOAc = 3:1), yielding episulfide (S)-51 as a yellow solid (61.0 mg, 56% 
over 2 steps from ketone (S)-31). The ee determination was performed by HPLC 
analysis: Chiralcel OD, n-heptane:i-PrOH = 95:5, flow rate = 1.0 mL/min, Rt = 12.0 
min (S), Rt = 26.7 min (R); ee: 84%. This product was recrystallized twice from iso-
propanol to afford episulfide (S)-51 as a white solid (31.8 mg, 52%) in a total yield 
of 29% from ketone (S)-31; ee: >99%. mp 144-145°C; 1H NMR (400 MHz, CDCl3) δ 
1.48-1.86 (m, 5H), 2.11 (m, 1H), 2.51-2.64 (m, 2H), 2.76 (d, J = 17.6 Hz, 1H), 2.93 (dd, 
J = 17.8, 5.0 Hz, 1H), 3.25 (d, J = 5.1 Hz, 1H), 3.32 (s, 3H), 3.58 (s, 3H), 3.65 (s, 3H), 
6.85 (t, J = 7.3 Hz, 1H), 6.93 (d, J = 7.4 Hz, 1H), 6.99-7.02 (m, 2H), 7.24 (t, J = 7.0 Hz, 
1H), 7.32-7.53 (m, 6H), 8.05 (d, J = 7.3 Hz, 1H), 8.26 (d, J = 7.9 Hz, 1H), 9.32 (d, J = 
8.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 29.2 (t), 29.4 (t), 29.9 (t), 36.0 (t), 39.0 (t), 
45.4 (s), 51.6 (q), 51.7 (q), 56.6 (q), 60.0 (s), 69.4 (s), 83.9 (d), 123.0 (d), 124.3 (d), 124.8 
(d), 124.9 (d), 125.5 (d), 125.6 (d), 125.9 (d), 126.3 (d), 127.68 (d), 127.74 (d), 127.9 (d), 
128.7 (d), 129.8 (d), 131.3 (s), 131.6 (s), 132.4 (d), 133.4 (s), 133.6 (s), 137.6 (s), 140.7 
(s), 141.2 (s), 142.6 (s), 173.3 (s), 174.2 (s); m/z (EI+, %) = 578 (M+, 5), 459 (100); m/z 
(CI+, %) = 596 (M·NH4+, 100), 564 (39); HRMS (EI+): calcd for C36H34O5S: 578.2127, 
found: 578.2116.  
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(S)-Dimethyl 3,3'-(10-(2-methoxy-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-
ylidene)-9,10-dihydroanthracene-9,9-diyl)dipropanoate (52) 
A solution of episulfide (S)-51 (31.8 mg, 54.9 μmol, >99% ee) and 
triphenylphosphine (144 mg, 0.549 mmol) in p-xylene (4 mL) was stirred overnight 
at 125°C, after which the mixture was concentrated in vacuo. The crude product 
was redissolved in dichloromethane (5 mL) and iodomethane (2 mL) was added, 
after which the mixture was stirred at room temperature for 1 h in order to convert 
the excess triphenylphosphine to the corresponding phosphonium ylide. After 
concentration in vacuo, the residue was pulled over a short plug of silica using 
diethyl ether as the solvent to remove the phosphonium salts formed, and again 
concentrated  in vacuo. The product was further purified by column 
chromatography (SiO2, n-heptane:EtOAc = 3:1), giving (S)-52 as a yellow solid (15.6 
mg, 52%, >99% ee). mp 173-174°C; 1H NMR (400 MHz, CDCl3) δ 2.14 (t, J = 8.3 Hz, 
2H), 2.46-2.67 (m, 4H), 2.85 (s, 3H), 2.76-2.91 (m, 2H), 3.03 (d, J = 15.8 Hz, 1H), 3.50 
(s, 3H), 3.60 (dd, J = 15.6, 3.9 Hz, 1H), 3.70 (s, 3H), 5.93 (d, J = 3.7 Hz, 1H), 6.60 (t, J = 
7.5 Hz, 1H), 6.73-6.82 (m, 3H), 7.11-7.19 (m, 2H), 7.33-7.39 (m, 2H), 7.47-7.53 (m, 
3H), 7.70-7.75 (m, 3H); 13C NMR (125 MHz, CDCl3) δ 27.6 (t), 29.5 (t), 30.6 (t), 36.7 
(t), 39.9 (t), 47.0 (s), 51.8 (q), 51.9 (q), 56.1 (q), 80.5 (d), 123.8 (d), 124.4 (d), 124.7 (d), 
125.7 (d), 125.8 (d), 126.0 (d), 126.1 (d), 126.4 (d), 127.1 (2xd), 128.3 (d), 128.5 (d), 
128.7 (d), 129.0 (s), 130.2 (d), 132.8 (s), 133.3 (s), 135.7 (s), 138.9 (s), 139.4 (s), 139.6 
(s), 139.9 (s), 141.5 (s), 144.9 (s), 173.4 (s), 174.4 (s); m/z (EI+, %) = 546 (M+, 59), 427 
(100); HRMS (EI+): calcd for C36H34O5: 546.2406, found: 546.2389. The ee 
determination was performed by HPLC analysis: Chiralcel OD, n-heptane:i-PrOH 
= 95:5, flow rate = 1.0 mL/min, Rt = 16.3 min (S), Rt = 39.5 min (R) (separation 
conditions found using racemic 52, synthesized starting with racemic α-methoxy 
ketone 31); ee: >99%.  
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Chapter 5 
Control of Dynamic Helicity at the 
Macro- and Supramolecular Level 
 
 
 
 
 
This chapter provides a literature overview on the main topic of the final 
experimental chapters: the control of dynamic helicity at the macro- and 
supramolecular level. The strong interactions between the individual molecular 
components in these controlled helical assemblies, ranging from columnar 
aggregates to helical polymers and cholesteric liquid crystals, results in the 
chirality transfer and amplification from the molecular level to the level of these 
macro- and supramolecular helical architectures. Therefore these systems are 
potentially useful for various applications, including responsive materials and 
chirality sensors and amplifiers.*  
 
 
 
 
 
 
 
 
 
∗ This chapter will be published as a review article: D. Pijper, B. L. Feringa, Soft 
Matter, in press, DOI: 10.1039/b801886c.  
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5.1   Introduction 
Helicity constitutes a major chiral motif found in nature. It is manifested at the 
macro- and supramolecular level in numerous structures of biomolecules, of which 
the α-helix, a common motif in the secondary structure of proteins, and the double 
helix formed by two strands of DNA are the most prominent examples.1 These 
helical biopolymers in turn can associate to form discrete helical superstructures, 
for instance coiled-coils in proteins or supercoils in DNA plasmids, via hierarchical 
self-assembly processes by which architectures of increasing complexity are built 
up in distinct steps. Furthermore, the helicity of these biological superstructures 
seems to be crucial in exercising their functions, which include for instance 
recognition, replication and selective catalytic activity.2 
Inspired by the fascinating helical structures found in nature, synthetic chemists 
have constructed a multitude of artificial helical architectures from small molecular 
components.3 In this field, the transmission of chirality from the molecular level of 
monomeric units to the macro- or supramolecular level4 in the form of helical 
structures is a general theme, as it allows control of helical organization by 
molecular design. Moreover, owing to the strong cooperativity between the 
monomeric units in the helical assemblies, a small chiral imbalance on the 
molecular level is often strongly amplified in the helical structures. Using this 
feature, the external control of macro- and supramolecular helicity is readily 
achieved, for instance via the introduction of functionalized receptor moieties that 
selectively bind certain chiral guest molecules, leading to a biased helical 
handedness. Understanding the mechanism of transmission of chirality from 
individual molecules through different hierarchical levels in artificial systems is of 
great significance in understanding chiral amplification in biopolymers, whereas 
control of chirality transfer in dynamic systems offers ample opportunities towards 
future smart materials.  
In this chapter, an overview of macro- and supramolecular helical systems is 
presented in which emphasis will lie on the dynamics of the system, the 
amplification of chiral information and external control of helicity. First, helical 
aggregates of small molecules formed by noncovalent interactions, such as 
hydrogen-bonding and π-π stacking, will be described. Secondly, chains of 
covalently attached molecules that adopt a helical secondary structure, both short 
oligomeric systems called foldamers and long polymers, are discussed. The final 
part of this chapter addresses the supramolecular helical organization in liquid 
crystals, a material which is particularly responsive to small chiral perturbations at 
the molecular level.   
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5.2   Helical Aggregates 
By self-assembly of small molecules through noncovalent interactions, such as π-π 
stacking, hydrogen bonding, ion-dipolar and hydrophobic interactions, a 
multitude of structurally well-defined helical aggregates have been constructed 
and studied. Chiral amphiphilic lipids5 and organogelators6 are well-known to self-
assemble into ribbon-like supramolecular structures. An impressive recent 
example of a synthetic amphiphilic system is the bilayer of amphiphilic hexa-peri-
hexabenzocoronene (HBC) 1, which was shown by TEM to roll-up into a helical 
coil and self-assemble further into nanotubes in a THF-water solvent mixture 
(Figure 5.1).7 In the case of 1, bearing achiral n-dodecyl chains, the coils are 
obtained as a racemic mixture in which right- and left-handed helices are present 
in equal amounts. HBCs bearing chiral side groups, however, were demonstrated 
to produce aggregates with an excess of one particular helical handedness, leading 
to an induced CD signal of high intensity corresponding to the helical aggregate.8  
 
 
Figure 5.1 a) Amphiphilic hexa-peri-hexabenzocoronene 1 and b) a schematic illustration of 
the formation of a helical nanotube by 1. Reproduced with permission from reference [8]. 
Copyright 2005 National Academy of Sciences, U.S.A. 
a) 
b)  
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Studies on the aggregation behavior of chiral amphiphiles and organogelators into 
helical structures are, however, numerous5,6 and beyond the scope of this 
overview. This section therefore will focus on columnar helical aggregates formed 
by rationally designed small molecules. 
5.2.1   Columnar Stacks 
The stacking of helicenes, having an intrinsic, rigid, helical shape, results in the 
generation of helical columnar aggregates. Amphiphilic non-racemic helicene 2 
w a s  s h o w n  t o  f o r m  l o n g  a n d  t h i c k  f i b e r s  c o m p o s e d  o f  c o l u m n a r  s t a c k s  o f  t h e  
helicenes with one particular helical handedness in apolar solvents (Figure 5.2a).9 
Interestingly, with a racemic mixture of 2 no such aggregation was observed. The 
authors indicate that segregated stacks of left- and right-handed helices are 
formed, which are not able to organize themselves into larger fibers as the helicity 
of neighboring columns does not match. Also the presence of the electron 
withdrawing ketone moieties proved essential for formation of the stacks, 
suggesting that donor-acceptor interactions between adjacent molecules stabilize 
the stacks.10  
 
 
Figure 5.2 a) Amphiphilic helicene 2, b) electron-rich triphenylene 3 that alternates with 
electron accepting dinitrobenzoic ester 4 in a charge-transfer π-π stacked complex, which is 
helical by virtue of the bulky optically active menthyl group in 4, and c) 
hexaazatriphenylene derivative 5. 
Certain aliphatically derivatized planar triphenylenes also stack to form columnar 
aggregates. Electron-rich triphenylene 3, alternating with electron accepting 
aromatic compounds, aggregates into π-π stacked complexes. The use of optically 
b)  a) 
c)  
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active menthol ester 4 as the electron acceptor was demonstrated to result in a 
preferential helical twist in the columns (Figure 5.2b), monitored by an induced CD 
signal.11 Hexaazatriphenylene 5 (Figure 5.2c) gelates in a variety of solvents. When 
dissolved in (R)- or (S)-1-phenylethanol, strong induced mirror-image CD signals 
were observed, caused by the formation of ordered helical aggregates with a 
biased twist sense.12  
Large, flat, disk-like molecules based on phthalocyanine have been shown to self-
assemble in chloroform into long columnar aggregates, driven by π-π stacking 
interactions.13 These aggregates, of which the length can reach the micrometer 
regime, possess a helical structure when the disk-shaped molecules are decorated 
with optically active tails. Phthalocyanine 6, bearing four crown-ethers, was shown 
to aggregate in columns upon slow cooling of a warm and concentrated solution in 
chloroform.  
     
Figure 5.3 a) Crown-ether phthalocyanine 6  and b) a schematic representation of the 
hierarchical self-assembly of 6 into right-handed helical arrays, which organize themselves 
further into a left-handed supercoiled structure. Adapted with permission from [J. A. A. W. 
Elemans, A. E. Rowan and R. J. M. Nolte, J. Mater. Chem. 2003, 13, 2661-2670]. Copyright 
2003 Royal Society of Chemistry. 
In these aggregates, the molecules have a clockwise, staggered orientation, leading 
to an overall right-handed helical structure (Figure 5.3).14 These helical aggregates, 
in turn, self-assemble to form a left-handed coiled-coil superhelix. The overall 
helicity is controlled by the stereogenic centers in the appended alkyl chains, 
remote from the phthalocyanine core of the molecule. Addition of potassium ions, 
which bind to the crown ether rings in 6, changes the interactions of the molecules 
in the aggregates, leading to the transformation of the helices into straight fibers. 
The sensitivity of the aggregation process makes these molecules particularly 
interesting, for instance in the context of sensing of metal ions. 
a) b)  
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In an extention of this work, the four crown ethers on the phthalocyanine were 
equipped with thiofulvalenes in order to increase the conductivity of the 
aggregates and transform the columns in efficient molecular wires. Electron 
microscopy revealed however that, instead of forming columnar fibers, the 
molecules aggregate in bilayer structures, which eventually roll up into helical 
tapes, due to the dominating interactions between the thiofulvalenes and the 
phthalocyanine core.15 
Related to this work, a phthalocyanine was investigated which lacks the crown-
ethers but features four chiral helicenes moieties fused to the molecule. The 
molecules were shown to be soluble in chloroform, but aggregated upon the 
addition of ethanol due to π-π stacking interactions.16 
Similar to these phthalocyanines, porphyrin dyes can self-organize into columnar 
stacks. In order to further enhance the stacking interactions, trimer 7, in which the 
three porphyrin moieties are linked via amide bonds to a central benzene core, was 
synthesized and studied (Figure 5.4).17 This motif is known to form extended 
hydrogen-bonded networks,18 and will be encountered also with several systems 
described in Section 5.2.2. Each porphyrin unit is decorated with three aliphatic 
hydrocarbon chains to increase the solubility of the stacks in organic solvents. 
Upon cooling of a heated chloroform solution of 7 a gel was formed. Addition of a 
drop of DMSO transformed the gel in a clear solution, by braking up the 
hydrogen-bonding network. When a small drop (3 μL) of a dilute solution of 6  in 
chloroform was cast on a surface, the slow evaporation of the solvent resulted in 
the formation of large domains (up to 3 mm2) containing a highly ordered pattern 
of equidistant, nearly parallel, wire-like architectures, observed with AFM (Figure 
5.4c). Apparently, the combination of self-assembly of disk-like porphyrin dyes 
with physical dewetting phenomena produces this pattern of lines that have the 
thickness of one molecule and a length of up to 1 mm, spaced 0.5 to 1 micrometers 
apart. The suggested reason for the formation of the lines, running parallel to the 
receding drop edges (Figure 5.4d), is the discontinuous shrinkage of the droplet 
while the solvent evaporates: the drop edge retreats in indiscrete jumps.19 After 
each “jump”, a thin layer of solution is left on the surface which undergoes rapid 
dewetting. Interestingly, slowing down the evaporation process by making use of 
larger droplets (10 μL) dramatically changed the self-assembly process on the 
surface. In this case, a pattern of lines perpendicular to the receding drop-edge was 
formed. Here, the lines did not have a thickness of only one molecule, but rather a 
bundle of stacks. Furthermore, the line patterns formed by the porphyrin stacks on 
a surface were shown to be able to align the supramolecular organization in a film 
of a liquid crystalline material deposited on top of it.  
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Figure 5.4 a) Porphyrin trimer 7, b) a schematic representation of the helical columnar stack 
formed by 7, c) AFM image (scan size = 10 × 10 μm2) of a pattern of highly ordered 
equidistant parallel lines, formed on mica after evaporation of a droplet of 7 in chloroform. 
Reproduced with permission from reference [17]. Copyright 2006 AAAS. d) A schematic 
representation of the formation of the patterned lines. Reproduced with permission from 
reference [19]. Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA. 
The G-quartet is a well-known structural motif found in biological systems, in 
which a tetrameric cyclic arrangement of guanosine derivatives is formed through 
hydrogen bonding (Figure 5.5a).20 Initially it was found that G-quartets of 
oligomeric deoxyguanosines stack to form helical columnar structures in water.21 
Potassium ions stabilize the aggregates via their coordination to the inner carbonyl 
groups of the G-quartets. Therefore, the length of the columnar aggregates can be 
increased by the addition of potassium ions. Amphiphilic deoxyguanosine 
derivative  8  (Figure 5.5b) was shown to form an octameric complex with a 
potassium ion in apolar solvents, in which the potassium ion is sandwiched 
between the two G-quartets.22 At increased potassium concentrations, long helical 
b)  a) 
c) 
d)  
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columns are formed through ion-dipolar interactions (Figure 5c). The ability of the 
aggregates to discriminate between enantiomers of potassium salts of α-amino 
acids was exploited by extracting one of the enantiomers from the aqueous 
solution into an organic phase containing the helical columns.23 Similar systems 
were created using folic acid derivatives.24 Several of these π-stacked aggregates 
were shown to be stable also in the absence of the central ion template.25 The 
mobility of the ions in these aggregates is currently also being studied intensively, 
as these columnar aggregates containing a central string of cations are reminiscent 
of an ion channel.26 In order to allow these structures to function as an ion channel, 
their stability has been increased via the decoration of the individual molecules 
with terminal olefin groups, which allowed cross-linking of the subunits via olefin 
metathesis after the self-assembly.27 Also the introduction of a siloxane group on 
each individual subunit allowed polymerization of the siloxane units of the helical 
aggregates formed after self-assembly. Furthermore, when this process was 
followed by a calcinations process, a helical silica material was formed.28 SEM 
studies revealed that silica fibers and bundles, both with a diameter of ~ 0.25 µm, 
and even helical structures with an outer diameter of ~ 5 µm and a helical pitch of 
~ 2.5 µm, referred to as microsprings, are present. 
           
Figure 5.5 a) The tetrameric cyclic arrangement in a G-quartet structural motif formed by 
guanosine units, b) lipophilic deoxyguanosine derivative 8, and c) a schematic 
representation of the helical columnar aggregate formed by the tetramers in the presence of 
potassium ions. Adapted with permission from reference [26]. Copyright 2006 American 
Chemical Society. 
5.2.2   Amplification of Chirality 
The amplification of chirality is a process in which a small chiral bias results in a 
significantly enhanced chiral effect, being either the ratio in which the enantiomers 
are present in the mixture or a signal that they cause. Examples of the latter case 
were already discussed in this chapter, in which the induced CD signal of a helical 
a) c)  b)  
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aggregate has a much higher intensity than the CD signal of the dissolved 
molecules. In this section, several examples will be given in which a tiny 
enantiomeric imbalance dictates the handedness of helical aggregates.29 In these 
systems, a small number of chiral molecules forces a large majority of non-chiral 
molecules (or a racemic mixture of chiral molecules) into a helical aggregate of one 
particular handedness. 
 
 
Figure 5.6 a) Bifunctional 9a and 9b and monofunctional 10 and b) a schematic 
representation of the amplification of chirality by the addition of chiral monofunctional 10 to 
helically racemic aggregates of achiral 9a, resulting in a preferred handedness of the helical 
columns. Reproduced with permission from reference [34]. Copyright 2002 National 
Academy of Sciences, U.S.A. 
In compounds 9 (Figure 5.6), two bifunctional ureido-s-triazines are connected by a 
spacer. Self-complementary quadruple hydrogen bonding leads to the formation of 
strong dimers of these molecules in solvents of varying polarity (in chloroform, an 
association constant around 104 L/mol was measured30). These disk-shaped 
complexes exhibit a large planar aromatic core, which, driven by solvophobic 
effects, stack into helical columnar aggregates in apolar solvents such as 
dodecane.31 With 9a, bearing achiral side chains, a racemic mixture of left- and 
right-handed helical polymers is obtained, whereas with 9b the chiral side chains 
a) 
b)  
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induce a preferred handedness of the helical arrangement. The introduction of 
small amounts of chiral monofunctional compound 10, acting as a chain-stopper, 
to aggregates composed of achiral 9a resulted in a strong preference for one 
particular helical handedness of the columnar aggregates, demonstrating that the 
helical induction occurs cooperatively and needs only a small chiral bias. This 
process of chiral amplification, where a small number of chiral molecules dictates 
the helical handedness of an aggregate predominantly composed of achiral 
compounds, is called the “sergeants-and-soldiers” effect.32 Comparable 
aggregation phenomena in organic solvents were described with systems 
containing dimerizing ureidopyrimidinone units,33 and in water with similar 
compounds bearing oligo-ethylene-glycol chains.34 
C3-symmetrical disk-shaped compound 11 (Figure 5.7a) in apolar media was 
shown to stack into helical columns by a combination of hydrogen bonding and π-
π interactions. Also for these systems, the “sergeants-and-soldiers” effect was 
demonstrated by doping a small amount of chiral 12a or 12b to aggregates of 
achiral 11, leading to a strong preference for one particular handedness (Figure 
5.7b).35 Furthermore, when the induced CD signal of aggregates containing only 12 
was measured as a function of the ee of 12, a deviation from linearity was found: a 
low  ee resulted in an disproportionate excess of one handedness of the helical 
aggregates.36 This effect is called the “majority rules” effect. More rigid helical 
architectures were obtained when the central amide moieties were replaced by 
urea groups.37 By the introduction of oligo(ethylene glycol) chains at its periphery, 
the disks also form helical stacks in polar, protic solvents and water.38 Chiral 
amplification via the sergeant-and-soldier effect in helical columnar aggregates has 
also been observed with trialkyl-1,3,5-benzenetricarboxamides.39 With a helical 
columnar aggregate derived from achiral “soldiers“ bearing a photopolymerisable 
sorbyl moiety and a small number of a chiral “sergeants”, the possibility to express 
the biased helical structure in a polymer consisting of achiral monomeric units was 
demonstrated. After polymerization of the sorbyl side chains with UV light and 
removal of the chiral “sergeant” molecules, a linear polymer is produced that is 
optically active in certain solvents in which the helical columnar aggregates 
reform. Apparently, the chiral information is stored in the polysorbate main chain, 
leading to a chiral memory effect.40 
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Figure 5.7 a) C3-symmetrical disk-shaped molecules 11 and b) a schematic representation of 
the “sergeants-and-soldiers” effect determining a preferred handedness of the helical stacks 
formed by achiral 11 by doping them with a small amount of chiral 12. Reprinted with 
permission from reference [3]. Copyright 2006 Springer-Verlag GmbH. 
Structurally related compound 13a (Figure 5.8) was recently found to form gels in a 
variety of solvents, due to its stacking into columnar helical aggregates.41 A very 
strong sergeant-and-soldiers effect was observed with this system: the presence of 
only 1 % of chiral 13b in a mixture with achiral 13a led to an induced CD signal 
with the same intensity as that of pure 13a. Also with this system, the induced 
biased helical handedness could be locked in a linear polymer, by  ring-closing 
metathesis polymerization using an achiral derivative of 13a bearing terminal 
olefinic groups. The central triazine ring appeared to play a key role in the 
ordering of the helical aggregate, as its substitution for a benzene ring lead to a 
complete loss of induced CD signal for the chiral compound. The fact that the 
a) 
b)  
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central triazine unit adopts a planar conformation, in contrast to the benzene 
derivative, makes 13a very suitable for strong π-π stacking interactions. The non-
planar benzene derivative can only give stacks via hydrogen-bonding interactions, 
and hence a less ordered and apparently non-chiral aggregate is formed in this 
case. 
 
Figure 5.8 Triazine-based disc-shaped compounds 13. 
 
Figure 5.9 Chiral oligo(p-phenylene vinylene) 14 equipped with a ureido-s-triazine unit and 
a schematic representation of the hierarchical self-assembly process towards a helical 
columnar aggregate. Adapted with permission from reference [44b]. Copyright 2005 
American Chemical Society.  
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Compound 8 in which a ureido-s-triazine unit, capable of forming dimers through 
complementary quadruple hydrogen bonding,42 i s  a t t a c h e d  t o  a  c h i r a l  π-
conjugated oligo(p-phenylene vinylene) (Figure 5.9), has been used to form highly 
conductive columnar aggregates via a hierarchical self-assembly process. In apolar 
solvents,  8 forms dimers which stack into helical columns by π-π interactions, 
forming a left-handed helical aggregate as indicated by an induced CD signal.43 
Furthermore, the potential of these π-conjugated helical aggregates towards 
optoelectronic devices has been studied.44 In an extension of this work, a helical 
aggregate was formed by a triad composed of two structurally very similar 
molecules and one perylene bisimide.45 These rod-like aggregates were shown to 
further aggregate into supercoils, as shown by AFM.  
Intuitively, amplification of chirality via the sergeant-and-soldiers or majority-rules 
effect should also be possible with these aggregates. However, experiments in 
which chiral 14 was mixed with an achiral analogue did not lead to the expected 
chiral amplification. It was reasoned that this is caused by phase separation 
between the chiral and achiral moieties during the aggregation process.29 
Alternatively, amplification of chirality was demonstrated by mixing achiral 
oligo(p-phenylene vinylene) 15 with a chiral guest molecule, (R)-16, that can bind 
to the helical stacks through hydrogen-bonding interactions (Figure 5.10).46 
 
Figure 5.10 Proposed hydrogen-bonded structure of the complex between a dimer of achiral 
oligo(p-phenylene vinylene) 15 and two chiral citronellic acid guests (R)-16.  
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Figure 5.11 a) Compound 17, consisting of a guanine and cytosine based heterocycle prone 
to hydrogen bonding merged with a crown ether, and b) a schematic illustration of the 
supramolecular self-assembly of 17 into hexameric rosettes that stack to form nanotubes. 
Reprinted with permission from reference [47]. Copyright 2002 National Academy of 
Sciences, U.S.A. 
Compound 17 consists of a heteroaromatic and bicyclic moiety based on guanine 
and cytosine, containing two different hydrogen-bonding arrays, linked to a crown 
ether moiety (Figure 5.11a). In water, the system spontaneously self-assembles into 
a hexameric disk-shaped rosette complex through intermolecular hydrogen 
bonding (Figure 5.11b), which subsequently aggregate to form helical columnar 
structures (Figure 5.11c).47 Upon the addition of amino acids which bind to the 
crown ether moieties, e.g. L-alanine, a strong preference for one twist sense of the 
helical columns is obtained, apparent from an induced CD signal which 
corresponds to the helical columnar aggregate.48 The chemical structure of the 
chiral promotor, the amino acid, has a dramatic influence on the degree of chiral 
induction. The process appears to follow an all-or-nothing response, as only if the 
vast majority of the crown-ether moieties is occupied with an amino acid, the 
transition to a strongly preferred helical handedness of the aggregates takes place. 
In the case of the addition of alanine as the chiral promotor, the majority rules 
b) 
a)  
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effect was also observed with this system, allowing the detection of a tiny 
enantiomeric imbalance of the amino acids by the strong induced CD signal of the 
helical aggregate. This system is therefore useful as a probe for the sensing of α-
amino acids. 
In an extension of this work, the aggregation behavior of a compound similar to 17, 
lacking the crown ether moiety but containing multiple protonation sites, was 
studied at different pHs.49 At low pH, with all three sites protonated, relatively 
short tubes are formed due to electronic repulsion, but at higher pHs, the net 
charge of the molecule is reduced leading to end-to-end aggregation and to longer 
tubes. Eventually, when all basic sites are unprotonated, aggregation of multiple 
long nanotubes leads to the formation of superhelices. Recently, the handedness of 
the helical columnar aggregate formed in methanol was shown to be fully inverted 
by the addition of a tiny amount of water or by heating the sample with a 
compound structurally related to 17.50 Here, self-assembly in methanol apparently 
is fast, leading to the kinetically controlled helicity of the columnar aggregate, 
whereas in water aggregation is slower, leading to the thermodynamically more 
stable helical aggregate. 
5.2.3   Control of Supramolecular Helicity through External Stimuli 
Dithienylethene 18 (Figure 5.12), equipped with two chiral amide moieties, was 
s h o w n  b y  E M  a n d  C D  s p e c t r o s c o p y  t o  a g g r e g a t e  i n t o  h e l i c a l  f i b e r s  o f  o n e  
particular handedness in apolar solvents, driven by the formation of a hydrogen 
bonding network.51 These photochromic molecules can be switched with UV and 
visible light between ring-opened 18o and ring-closed 18c, respectively (Figure 
5.12). The photoswitching process strongly modulates the aggregation behavior of 
18, as the conformational flexibility of 18o is much higher than that of 18c. Taking 
advantage of this phenomenon, controlled mass transport by light and holographic 
patterning were achieved.52  
Moreover, the dithienylethene moiety in 18o exists in two helical conformations (P 
or M), which rapidly interconvert in solution, but are conformationally locked in 
the fibrous network. Therefore, whereas photochemical ring-closure in solution 
yields a 50:50 mixture of diastereoisomers of 18c, ring-closure in the gel state 
results in a near-perfect stereocontrol, yielding 18c in a 98:2 ratio of 
diastereoisomers. In this system, it is the chirality of the pendant groups that 
determines the helicity of the fibers, which in turn controls the stereochemical 
outcome of the photochemical ring-closing reaction. Furthermore, the helical fibers 
obtained after ring-closure of 18 were shown to be metastable, as after one heating-
cooling cycle, during which the molecules first get dissolved and subsequently 
aggregate again, fibers with inverted helicity are formed.   
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Coaggregation of a small amount of chiral 18o with a dithienylethene 
functionalized with amides bearing achiral groups resulted in amplification of 
chirality by the sergeant-and-soldiers principle.53 Stereoselective photochemical 
ring-closure of the achiral “soldiers” then locks the induced chiral information at 
the molecular level. 
 
Figure 5.12 Reversible transcription of supramolecular into molecular chirality with 
photochromic dithienylethene 18, which can be switched with UV and visible light between 
ring-opened 18o and ring-closed 18c. 
In a number of instances, simple stirring of a solution containing one-dimensional 
columnar stacks of achiral molecules led to the formation of helical assemblies with 
a particular handedness. In pioneering work by Ribo, achiral disc-shaped 
zwitterionic porphyrin 19 (Figure 5.13a) was shown to stack side-by-side to form J-
aggregates upon concentration of the solution. These small aggregates assemble  
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further in helical fibres, of which the handedness was demonstrated to be 
controllable by the direction of the vortex motion (Figure 5.13b), detected by a 
strong induced CD signal.54  As these helical assemblies are stable, the chiral 
structures remain present after stirring of the solution is stopped. 
 
 
Figure 5.13 a) Achiral zwitterionic disc-shaped porphyrin 19 and b) schematic 
representation of the assembly of 19 in J-aggregates due to electrostatic and hydrogen-
bonding interactions, and subsequent helical assembly of these small aggregates into fiber-
like structures, of which the handedness is controlled by the direction of the vortex motion. 
Adapted with permission from [B. L. Feringa, Science 2001, 292, 2021-2022]. 
In two recent investigations, stirring of a solution containing either achiral J-
aggregated zinc porphyrin dendrimer 20 (Figure 5.14a)55 or a supramolecular 
assembly of an achiral oligo(p-phenylene vinylene) analogous of 12 (Figure 5.10)56 
led to a supramolecular helical alignment, whose handedness was biased by the 
direction of the vortex flow. In these cases, the biased handedness of the 
supramolecular helical assemblies is transient: the induced CD signal disappears as 
soon as stirring is stopped and can be switched to its mirror image by reversing the 
stirring direction (Figure 5.14b). 
 
a) 
b)  
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Figure 5.14 a) Dendritic zinc porphyrin 20 forming hydrogen-bonded J-aggregates and b) 
schematic representation of the generation, by stirring of the solution, of a helical alignment 
of these nano-fibers with a handedness corresponding to the stirring direction, leading to an 
induced CD signal. Reproduced with permission from reference [55]. Copyright 2007 Wiley-
VCH Verlag GmbH & Co. KGaA. 
5.3   Helical Foldamers 
Whereas in the previous section helical architectures were described that self-
assemble due to noncovalent bonding interactions, in this and the following 
section oligomeric and polymeric systems that can adopt a helical secondary 
structure, in which the monomeric units are connected through covalent bonding, 
are discussed. Polymeric systems will be the topic of Section 5.4, this section 
focuses on shorter oligomers that fold into a conformationally ordered helical state 
in solution, called foldamers.57 The helical secondary structures they form are 
a) 
b)  
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stabilized by a collection of noncovalent interactions between nonadjacent 
monomer units. There are two major classes of foldamers: single stranded 
foldamers that only fold and multiple-stranded foldamers that both associate and 
fold. 
5.3.1   Single Stranded Helices 
Oligo(m-phenylene ethynylene) 21 (Figure 5.15a), consisting of monomeric units 
with amphiphilic character, dissolves well in solvents like chloroform, but folds 
into a helical conformation in polar solvents and water by solvophobic effects.58 
Without any chiral input, the left- and right-handed helical conformation are at 
equilibrium. The complexation of chiral apolar monoterpenes such as 22 in polar 
solvents within the hydrophobic cavity formed by the foldamers results in a 
strongly preferred handedness of the helical conformation (Figure 5.15b), 
demonstrated by an induced CD signal.59 Also the introduction of an optically 
active binaphthol in the oligomer’s backbone,60 or chiral side chains,61 induced a 
strong preference for one particular helical handedness of the foldamers. A 
nonlinear dependence of the induced CD signal on the number of chiral side 
chains revealed a high cooperativity between the monomeric units in the helical 
conformation of the backbone.62 This sergeants-and-soldiers effect was also found 
with mixtures of oligomers containing only achiral side chains and oligomers 
containing chiral side chains.63  
 
 
Figure 5.15 a) Oligo(m-phenylene ethynylene) 21 and monoterpene 22, and b) a schematic 
representation of the helical conformation 21 adopts and the preferred handedness biased 
by inclusion of chiral 22 in the hydrophobic cavity. 
Related to this, oligo(m-ethynylpyridine)  23, which exists in a disordered 
conformation in solvents like chloroform, was demonstrated to fold into a helical 
conformation upon complexation to saccharides through intermolecular hydrogen 
bonding (Figure 5.16).64 The chirality of the bound saccharides is transferred to the 
a) 
b)  
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helical twist sense of the foldamer. Interestingly, the induced CD signal is different 
for a range of glucosides. With a pyridinedicarboxamide oligomer that folds into a 
helical conformation by intramolecular hydrogen bonding, a preferred handedness 
could be biased by introduction of a chiral carboxylic acid that binds at the 
terminal aminopyridine unit through hydrogen-bonding interactions.65 
 
Figure 5.16 a) Oligo(m-ethynylpyridine)  23, and b) the complexation pattern by which 
sugars induce 23 to fold in a helical conformation of one particular handedness. 
 
 
Figure 5.17 a) Photoswitchable foldamer 24 and b) a schematic representation of the 
reversible helix-coil transition induced by the photochemical and thermal isomerization of 
the azobenzene unit in the backbone. Reproduced with permission from reference [66]. 
Copyright 2006 Wiley-VCH Verlag GmbH & Co. KGaA. 
a) 
b) 
a)  b)  
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After the introduction of a photochromic azobenzene moiety at the centre of the 
backbone of oligo(m-phenylene ethynylene) foldamer 24, the transition from a 
h e l i c a l  c o n f o r m a t i o n  t o  a  r a n d o m  c o i l  a n d  vise versa was demonstrated to be 
photochemically controlled (Figure 5.17).66 The azobenzene core was optimized67 
so that it could be excited selectively, for this reason the methoxy substituents were 
introduced, and novel enantiomerically pure (S)-α-methyltetra(ethyleneglycol) 
side chains were introduced to bias the sense of the helical twist and thereby allow 
monitoring of the conformational transition by means of CD spectroscopy. The 
trans conformation of the azobenzene closely resembles the structure of a dimeric 
repeat unit of the oligomer, allowing it to fold into the helical conformation in 
aqueous acetonitrile. UV irradiation leads to the conversion into the cis isomer of 
the azobenzene unit, resulting in a rapid decrease of the CD signal, indicating 
unfolding of the helical conformation of the oligomer. During the thermal 
conversion of the azobenzene back to its more stable trans isomer, a recovery of the 
CD signal was monitored, indicating refolding of 24 into the helical conformation. 
5.3.2   Artificial Double Helices 
Intrigued by the fascinating templating capacities of DNA, chemists have tried to 
mimic its three-dimensional double-stranded helix by the design and synthesis of 
molecules that self-organize into this structural motif. Helicates, consisting of 
transition metals that coordinate ligand-containing strands, are the most 
encountered systems in this field.68 Recently, molecular strands from hydrazide-
based oligomers with malonyl groups as linkers were shown to form highly stable 
double helical duplex structure, via preorganization by intramolecular hydrogen 
bonding and subsequent highly cooperative intermolecular interactions by up to 
14 hydrogen bonds.69 Also, the pyridinedicarboxamide oligomer that was 
mentioned in the previous section to fold into a single stranded helical structure 
was shown to “spiral slide” into a double helical structure, which is stabilized by 
intermolecular aromatic stacking.68d  
Recently, a number of double helical systems have been published with a 
controlled, well-defined geometry, of which the helical twist sense can be 
controlled.70 Dimers of m-terphenyl ligands joined by diacetylene linkers  (R)-25 
and  26, bearing chiral amidine groups and carboxylic acids, respectively, were 
found to spontaneously form duplexes due to the formation of salt-bridges, as 
shown by NMR and mass spectrometry (Figure 5.18).71 The stereogenic centers 
present at the amidine groups fully control the handedness of the double helical 
structure, as the helical complexes formed with ligand 26 showed a much stronger 
CD absorptions compared to the relatively weak Cotton effects exhibited by (R)-25 
alone.  
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Figure 5.18 a) One-handed artificial double helix (R)-25·26 from m-terphenyl dimers (R)-25, 
containing chiral diamidine groups, and 26, equipped with carboxylic acids, and b) a 
schematic illustration of this double helical structure. Reproduced with permission from 
reference [70]. Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA. 
Via the introduction of pyridine groups, employed as metal coordination sites, at 
the periphery of both m-terphenyl ligands, the oligomeric systems were 
transformed into a double-stranded helical polymer.72 M i x i n g  o f  a  p r e f o r m e d  
duplex with two equivalents of an appropriate Pt source lead to the formation of 
supramolecular coordination polymer (R)-27 (Figure 5.19). The one-handed 
double-stranded metallopolymer has a much higher hydrodynamic volume than 
the parent duplex, and shows distinct Cotton effects around the metal-to-ligand 
c h a r g e  t r a n s f e r  b a n d  i n  t h e  l o n g  wavelength region. Very recently, a 
photoresponsive version of this single-handed double helical supramolecule, 
composed of complementary strands bearing azobenzene moieties, was 
demonstrated to undergo a reversible trans-cis  isomerization regulated by 
irradiation, resulting in a change in its molecular length (from ~ 2.6 to ~ 2.2 nm) 
due to a conformational change of the double helix.73 
a) 
b)  
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Figure 5.19 Double-stranded helical supramolecular coordination polymer (R)-27. 
Oligo-m-phenylene derivatives equipped with hydroxyl groups were also 
employed to form artificial double helices. First, ortho-linked hexa(p-tert-butyl-
phenol) was serendipitously found to crystallize as a double-stranded helicate 
bridged by spiroborates.74 Optical resolution of the racemic boron helicate was 
performed by diastereomeric salt formation. Oligoresorcinol 28 (Figure 5.20a), 
soluble in organic solvents, was found to aggregate into double helices in water.75 
The benzene rings are arranged in close proximity in the double helical structure to 
allow effective parallel π-stacking. The fact that the formation of the double helical 
structure in water is driven by interactions of the aromatic moieties was also 
shown with 5-mer 29. A single helical structure of 29 was found to crystallize from 
a polar organic solvent mixture (CHCl3/CH3CN), whereas crystals containing the 
double helical structure were obtained by crystallization from water. The 
introduction of optically active substituents in 30 at both ends of the strand did not 
result in any CD signal in methanol, in which the oligomer is present as a random 
coil. However, a significant Cotton effect was observed in water, indicating folding 
of  30 into a double helix with an excess of one particular handedness (Figure 
5.20b). Recently, controlled unwinding of the double helix of 28 by β-cyclodextrin 
(β-CD) was demonstrated.76 Also the resulting single strands of 28 threaded the β-
CD to form a twisted [3]-pseudorotaxane with a controlled helicity. The double 
helix could be regenerated by the addition of adamantane, which expels the 
oligomer out of the β-CD. 
 
Figure 5.20 a) Oligoresorcinols 28-30 and b) a schematic representation of double-helix 
formation of 30 with a biased screw sense. Reproduced with permission from reference [75]. 
Copyright 2006 American Chemical Society. 
a) b)  
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Figure 5.21 a) Bis-PYBOX functionalized porphyrine 31 and linear polymer with an 
ammonium cation repeating unit PTMI, and b) schematic illustration of the formation of the 
artificial double-helix (the amplification shows the interactions between the PYBOX and the 
ammonium unit on the polymer via a hydrogen bond pair). Adapted with permission from 
reference [77]. Copyright 2007 American Chemical Society. 
Recently, the formation of a double-stranded helix with one particular handedness, 
composed of a long achiral synthetic organic polymer that generally forms a 
random coil in solution, was demonstrated.77 The twisted polymeric 
supramolecular ladder (Figure 5.21), is constructed by complexation between 
poly(trimethylene iminium) (PTMI), a linear polymer with one secondary 
ammonium cation in the repeating unit, as the rails and dimer 31 of 2,6-bis(2-
oxazolyl)pyridine (PYBOX), bridged by a porphyrin ring, as the bars. The stability 
of the supramolecular ladder is ascribed to stacking of the bridging porphyrins and 
the complementary hydrogen bonds between two nitrogen atoms of the PYBOX 
a) 
b)  
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and two protons of the secondary dialkylammonium cation in the polymer. The 
introduction of chiral and bulky units into the BisPYBOX ligand leads to a twisting 
of the supramolecular ladder by steric repulsion, resulting in the formation of the 
double helix with one particular handedness. 
              
Figure 5.22 a) D2-symmetric saddle-shaped porphyrin 32 and b) schematic representations 
of the formation of the coordination polymer followed by treatment with chiral mandelic 
acid leading to a helical polymer with a preferred screw sense. Reproduced with permission 
from reference [79]. Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA. 
D2-symmetric saddle shaped porphyrin 32 (Figure 5.22a), bearing four pyridyl 
groups, forms a supramolecular coordination polymer upon addition of an 
appropriate Pt source. The addition of chiral mandelic acid, whose interaction with 
the porphyrins freezes it in one of the two enantiomeric forms,78 leads to a helical 
polymer with a biased twist sense (Figure 5.22b). Also here, a low ee of the 
mandelic acid resulted in an disproportionate excess of one particular handedness 
of the polymer, due to the majority-rules effect.79 
5.4   Helical Polymers 
Several synthetic polymers have been developed that exhibit a strong optical 
activity due to the helical conformation, with an excess of one particular 
handedness, that is adopted by their backbone.80 For a number of these polymers, 
e.g. polyisocyanides or polymethacrylates bearing bulky side-groups, this helical 
conformation is completely locked due to strong steric interactions experienced by 
a) b)  
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the side-groups of the neighbouring monomeric units.81 Optical resolution of these 
helical polymers with either a P or M helical conformation can be performed by 
chiral HPLC,82 and due to their chiral recognition ability several derivatized 
versions of these polymers have shown to be highly useful as the chiral stationary 
phase in chiral HPLC columns.83 T h i s  s e c t i o n ,  h o w e v e r ,  w i l l  f o c u s  o n  
macromolecules in which the helical conformation is dynamic, and rapidly inverts 
at ambient temperatures: the low helix inversion barriers of these polymers result 
in their helical conformation being thermodynamically controlled. Moreover, due 
to the favorable interactions between the monomeric units in the helical 
conformation of these macromolecules they exist as long strands of one particular 
handedness, only rarely interrupted by a helix reversal along the chain. Therefore a 
strong preference for a particular handedness can readily be biased by a small 
chiral input. In the following part, this principle will first be treated in more detail 
for a prominent class of these helical polymers with a dynamically interconverting 
handedness, the polyisocyanates. Hereafter, the highly sensitive detection of chiral 
guests molecules enabled by poly(phenylacetylene)s will be highlighted. Excess of 
one particular handedness of these chromophoric helical polymers bearing certain 
receptor groups can be biased by the complexation of certain optically active small 
molecules, resulting in a strong and characteristic induced CD signal. 
5.4.1   Polyisocyanates 
Polyisocyanates are prominent examples of dynamic, chiral polymers.84 In Figure 
5.23a, the basic two-dimensional conformation of the polymer is drawn as an 
extended crankshaft. This flat conformation of the macromolecule is, however, 
highly instable due to the close proximity of the carbonyl oxygen atoms to the alkyl 
group on the neighbouring nitrogen atoms. To minimize these steric interactions, 
the repeating amide units are required to twist with respect to each other so as to 
form a helix (X-ray studies on poly(n-butyl isocyanate) revealed a periodicity of 
eight units for three turns85), as depicted in the space-filling model in Figure 5.23b.  
The combination of the conjugative requirements of the recurring amides and the 
steric forces strongly destabilize all non-helical conformations, leading to a stiff, 
rod-like polymer chain. Conformations needed for a helix inversion to occur along 
the chain are highly disfavored. Consequently, long blocks of left- and right-
handed helical segments exist on a long polymer chain, interrupted only 
occasionally by a helix reversal (Figure 5.23c). Due to the low barrier to helix 
inversion, the helical conformation is also highly dynamic and the conformations 
with opposite handedness rapidly interconvert at ambient temperature. 
In the absence of any chiral influence, these segments of opposite helicity exist in 
equal amounts, as a racemic mixture. However, since all monomeric units within  
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one segment are forced to take one helical sense, a small chiral perturbation 
leading to a favored helical sense is multiplied by all cooperating units in that 
segment. Therefore a small chiral induction can be amplified by giving rise to a 
disproportionately high preference for one helical sense, due to the large 
cooperativity between the non-chiral monomeric units and the infrequency of the 
high energy helix reversals.  
        
 
Figure 5.23 a) Two-dimensional representation of the cis-trans alternating structure of the 
polyisocyanate backbone, b) space-filling model of the left-handed 8/3 helix (side chains 
omitted for clarity), and c) schematic illustration of the dynamic, helical conformation of 
polyisocyanates. 
 
Figure 5.24 CD spectra of polymers obtained from enantiomerically pure 2,6-dimethyl-
heptyl-isocyanate and of random copolymers obtained from mixtures of the enantiomers. 
Reproduced with permission from reference [87]. Copyright 1995 American Chemical 
Society. 
Green and coworkers demonstrated this in a series of impressive examples, 
referring to this amplification of chirality as the ‘sergeant-and-soldiers’ principle86 
and ‘majority-rules’ effect, which were already explained in Section 5.2.2. As an 
a) b) 
c)  
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illustrative example of the latter, polymerisation of 2,6-dimethyl-heptyl-isocyanate 
with an ee of only 12% already yielded a polymer with a CD spectrum identical to 
the polymer synthesized from the enantiomerically pure monomer (Figure 5.24).87 
A 2% ee in the monomer units was enough to produce one-third of the CD signals. 
Even more striking is the large optical activity of poly(1-deuterio-n-hexyl 
isocyanate) (Figure 5.25).88 Here a large preference for one helical twist sense arises 
from a small chiral bias: a stereocenter generated by the substitution of a hydrogen 
atom for a deuterium atom on every monomeric unit. 
 
Figure 5.25 Optical activities of 1-deuterio-n-hexyl-isocyanate and the corresponding 
polymer. 
5.4.2   Poly(phenylacetylene)s 
Similar to polyisocyanates, poly(phenylacetylene)s also adopt a helical 
conformation with a dynamically interconverting handedness and remain optically 
inactive in the absence of any chiral input. After the introduction of pendant 
functional groups, a strong induced CD signal is observed upon addition of certain 
optically active small molecules which complex with these “sensor” groups on the 
macromolecules.89 For instance, the addition of optically active amines to 
poly(phenylacetylene) 33 decorated with carboxylic acids results in complexation 
through acid-base interactions (Figure 5.26).90  
  
Figure 5.26 Schematic illustration of the preferred helical handedness of 
poly(phenylacetylene)  33 equipped with carboxylic acid pendant groups, biased by its 
complexation to chiral amines. 
The chirality of the amines in transferred to the polymer backbone, resulting in an 
excess of one particular handedness that can be monitored by the appearance of a  
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strong and characteristic induced CD signal. As a general trend, the magnitude of 
the induced CD signal increases with an increase in the steric size of the chiral 
amines. This suggests that the steric bulk of the amines effectively stabilizes the 
helical conformation of one particular handedness with respect to the other and 
raises the energy barrier to inversion of the backbone’s helicity. 
A range of poly(phenylacetylene)s bearing specific functionalities, e.g. amino, 
boronate, phosphonate and sulfonate groups, were found to respond to the 
presence of chiral acids, sugars, amines and ammonium groups, respectively, 
allowing the sensing of biomolecules such as sugars and steroids.91 α-Amino acid 
sensing was demonstrated using poly(phenylacetylene) 34 equipped with crown-
ether pendant groups (Figure 5.27).92 The introduction of these bulky substituents 
increases the rigidity of the polymer backbone, which leads to a stabilization of the 
helical conformation reducing the amount of helix reversals along the chain. 
Together with the high binding affinity of the crown-ether moieties to amino acids, 
this results in an extremely high sensitivity. Also a strong majority-rule effect was 
demonstrated with 34, as the addition of alanine with only 5% ee resulted in the 
full induced CD signal as was observed with optically pure alanine. Moreover, 
detection of extremely tiny enantiomeric imbalances in amino acids, e.g. alanine of 
only 0.005% ee, was demonstrated with this macromolecule.92  
 
Figure 5.27 Schematic illustration of the induced preferred helical handedness of 
poly(phenylacetylene)  34 equipped with aza-18-crown-6-ether pendant groups upon 
complexation to L-alanine. Reproduced with permission from reference [92]. Copyright 2003 
American Chemical Society. 
Recently, helical macromolecule 34 with one particular handedness was used to 
trap achiral cyanine dyes within the hydrophobic helical cavity in the polymer in 
water. The resulting supramolecular helical aggregates exhibited an induced CD in 
the cyanine dye chromophore region.93 
A particularly interesting macromolecule was obtained upon the introduction of 
optically active, bulky, β-cyclodextrins as the pendant groups in 35 (Figure 5.28a).94 
Optically active 35 exhibits an inversion of its macromolecular helicity which is 
accompanied by a visible color change upon changes in temperature and solvent 
polarity. Inclusion complexation with particular guest molecules into the  
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cyclodextrin cavity causes these effects also. In the presence of (R)-1-
phenylethylamine, the solution remained yellow with a positive first Cotton effect, 
whereas the addition of (S)-1-phenylethylamine led to an inversion of this CD 
signal and a color change to red. The remarkable color change was suggested to be 
caused by a change in the twist angle of the conjugated double bonds in the 
polymer’s backbone, which would mean that the helical pitch of this system is 
tunable (Figure 5.28b). 
        
Figure 5.28 a) Poly(phenylacetylene) 35, bearing optically active β-cyclodextrin groups and 
b) a schematic illustration of the interconvertible left-handed and partly unwound right-
handed helical conformation this macromolecule can adopt. Adapted with permission from 
reference [94]. Copyright 2001 American Chemical Society. 
Due to the dynamic nature of the helical conformation adopted by these 
macromolecules, the preference for one particular handedness is eliminated when 
the complexation to the chiral guests is broken up. Exposure of carboxylic acid 
functionalized poly(phenylacetylene) 33, complexed to chiral amines, to a strong 
acid as trifluoroacetic acid therefore leads to an immediate disappearance of the 
induced CD signal. However, the biased twist sense of the helical conformation 
was found to be maintained when the chiral amine is completely removed but 
replaced by various achiral amines: the macromolecule “memorizes” the preferred 
helical handedness (Figure 5.29).95 This memorized macromolecular helicity was 
not transient, but shown to be stable for years at rt. The explanation for this 
memory effect was shown to be the stabilization of the helical conformation, 
caused by intramolecular electrostatic repulsion between the neighbouring 
carboxylate ions complexing with the amines that leads to a strong suppression of 
the helix inversion process of the polymer.96 
a)  b)  
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Figure 5.29 Schematic illustration of the induction of a preference for one particular 
handedness of the helical conformation in poly(phenylacetylene) 33 by complexation with 
chiral (R)-1-(1-naphthyl)ethylamine, which is “memorized” by the macromolecule after 
replacement of the chiral amine by achiral 2-aminoethanol. Adapted with permission from 
reference [95]. Copyright 1999 Macmillan Publishers Ltd. 
For a poly(phenylacetylene) equipped with phenyl phosphonate pendant groups, 
both mirror-image helical conformations could be produced upon complexation 
with a single enantiomer of a chiral amine. The observation of both twist senses is 
due to the inversion of the macromolecular helicity with temperature. These right- 
and left-handed helices could be memorized by the addition of achiral amines, 
after which they could be stored at ambient temperature for prolonged periods of 
time.97 With a poly(phenylacetylene) bearing phosphonic acid pendant groups, the 
memory effect was also demonstrated upon methylation by the addition of 
diazomethane, yielding an optically active methyl ester due to the stereogenic 
center at the phosphorus.98 Here, the chirality is transferred from the 
macromolecular level back to the molecular level of the stereogenic centre. 
Although enantioselectivity is low, the ee at the pendant groups is amplified by the 
macromolecule at low temperatures. The memory of macromolecular helicity was 
also demonstrated with poly(phenylisocyanide)s bearing charged carboxylate 
pendant groups. Notably, after the complete removal of the optically active amine 
guests from this polymer there is no need to replace them by achiral ones, due to 
the fact that the helical conformation in this polyelectrolyte is less dynamic.99 
5.4.3   Photochromic Polyisocyanates 
In order to obtain photochemical control of the chirality of a dynamically helical 
polymer, azobenzene photochromic groups containing two stereocenters were 
introduced in the side-chains of co-polyisocyanate 36 (Figure 5.30a).100 The 
polymer was prepared with all of the azobenzene moieties adopting the trans 
configuration, and this polymer was shown to have a significant CD and ORD 
signal, indicating a preferred helical twist sense of the polymer. Irradiation with 
365 nm light resulted in a trans-to-cis isomerization of the azobenzene groups, and  
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resulted in a clear inversion of the CD and ORD signals (Figure 5.30b), indicating 
an inversion of the preferred helical twist sense of the polymer chain. The reason 
for this effect is not clear (the stereocenters do not change upon 
photoisomerization), the change in interactions of the stereocenters at the 
azobenzene units with the polymer backbone upon photoisomerization are 
proposed to cause the helical inversion.101 
             
Figure 5.30 a) Co-polyisocyanate 36 containing a photochromic azobenzene group in the 
side chains (x: 8%) and b) CD spectra of the polymer before and after the photochemically 
induced trans-to-cis isomerization of the azobenzenes. Reproduced with permission from 
reference [100]. Copyright 1995 American Chemical Society. 
Also co-polyisocyanate 37 bearing axially chiral bicyclic ketone units was prepared 
(Figure 5.31a).102 Irradiation of this system with circularly polarized light (CPL) 
leads to a small ee of the bicyclic ketone units (Figure 5.31b), which could be 
amplified by the helical polymer, yielding a distinct CD signal. 
                      
Figure 5.31 a) Co-polyisocyanate 37 containing bicyclic ketone groups in the side chains (x: 
2%), b) photoresolution of these axially chiral molecules by irradiation with CPL. 
a) b) 
a) b)  
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Similar photochromic behavior has been observed with a large number of 
polypeptides containing photochromic units in the side chains.103 Unlike 
polyisocyanates, these helical macromolecules have a stereocenter in their 
backbone and therefore have a preference for one particular handedness. 
Photoswitching of azobenzene or spiropyran derivatives, incorporated in the side 
chains, has been demonstrated, in a number of cases, to lead to a transition 
between a random coil conformation and a α-helix in the polypeptide chains.104 
With poly(L-aspartate)s, the energy difference between the two helical 
conformations of opposite handedness is relatively small, and a series of poly(L-
aspartate)s containing azobenzene units in the side-chains were investigated. 
Photoisomerization of the azobenzenes in these polypeptides in certain cases led to 
an inversion of the preferred twist sense of the polypeptide backbone, depending 
on the exact nature of the side chains and the conditions applied.105 
5.5   Liquid Crystals 
The liquid crystalline phase constitutes a unique state of matter, with physical 
properties intermediate between the solid (crystalline) and liquid (isotropic) phase. 
Compounds that adopt this mesophase display properties common to both solids 
and liquids.106 The molecules in a liquid crystal (LC), named mesogens, possess a 
slight positional or orientational order, but to a much lower degree of organization 
compared to a crystalline solid (Figure 5.32). Therefore, liquid crystals still display 
fluidic behavior like an ordinary liquid, however due to the much higher degree of 
organization they are much more viscous.  
 
Figure 5.32 Liquid crystal phase transition behavior. 
Owing to this combination of dynamic behavior with a high degree of 
organization, liquid crystals are highly sensitive to various external stimuli (for  
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instance light or heat)107 and additives.108 Due to their unique properties they have 
found widespread applications in display technology (LCDs).109 
One of the most fundamental classifications of different types of liquid crystals is 
the distinction between thermotropic and lyotropic systems. A large variety of 
molecules is known to adopt a liquid crystalline phase as an intermediate phase in 
the transition from a crystalline solid to an isotropic liquid, classified as 
thermotropic liquid crystalline behavior. A feature they all have in common is a 
strong shape anisotropy: especially elongated rod-like (calamitic) and disc-like 
(discotic) molecules are known to form a liquid crystalline phase. Besides these 
solvent-free thermotropic LC systems, there are many solvent-solute systems, 
where aggregation of the solutes at sufficiently high concentration leads to liquid 
crystallinity (lyotropic behavior). Rigid rod-like polymers are well-known to form 
such lyotropic LC phases.110 
5.5.1   The Cholesteric LC Phase 
Whereas only orientational order of the individual mesogens in a constant 
direction is present in a nematic LC matrix, the cholesteric (or chiral nematic) LC 
phase is characterized by an additional helical change in orientation of the director 
(Figure 5.33). The orientation of the director describes a helical propagation along 
the cholesteric helix axis that is non-superimposable on its mirror image. The 
resulting large supramolecular chiral organization is indicated by the sign and 
magnitude of the cholesteric pitch (p), which is the distance along the helix axis 
across which the director rotates a full 360°. 
 
Figure 5.33 Schematic representation of the molecular arrangement of the mesogens in a) a 
nematic (N) and b) a chiral nematic or cholesteric (N*) liquid crystalline phase and the 
definition of the cholesteric pitch.  
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A cholesteric LC is obtained when the mesogenic molecule contains a stereogenic 
centre in its molecular structure, e.g. cholesteryl benzoate. With low molecular 
weight thermotropic LCs, a transition to the cholesteric phase transition can also be 
induced by dissolving certain chiral dopant molecules in an achiral nematic host.111 
The sign and magnitude of this induced cholesteric phase is highly dependant on 
the interactions of the chiral dopant with the nematic host material, which is 
reflected in a number that is specific for each dopant-LC combination, called the 
helical twisting power. As a result of their large supramolecular organization, 
cholesteric liquid crystals display very large optical and circular dichroism (CD) 
activities, orders of magnitude higher than that of the dopant, thereby amplifying 
the dopant’s chirality. A complete overview of chiral dopants and their interactions 
with the LC can be found in a recent review.112 In the following section, several 
photoswitchable dopants, by which the supramolecular helicity of the LC can be 
influenced externally, will be discussed. Also a recently developed LC based color 
test, by which the ee of a reaction product can be determined, will be highlighted. 
5.5.2   Controlling the Cholesteric Pitch using Photoswitchable Dopants 
The incorporation of switchable dopants, which can change shape under the 
influence of an external stimulus (for instance light or heat) and consequently alter 
their chiral induction towards the LC medium, offers the possibility to control the 
supramolecular chirality of the cholesteric LC phase using an external stimulus.113  
 
Figure 5.34 Trans-to-cis isomerization of an azobenzene dopant leading to a destabilization 
of the supramolecular organization in a calamitic LC. 
The reversible cis-trans isomerization that azobenzenes can undergo upon 
irradiation with UV/vis light, results in large conformational and polarization 
changes in the molecule. The trans-isomer has a rod-like structure and as such can 
stabilize calamitic liquid crystals, whereas the cis-isomer is bent and generally 
destabilizes the supramolecular organization in these LCs by generating disorder 
in the aligned systems (Figure 5.34). Using this principle, phase transitions of LCs  
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doped with azobenzenes from nematic to isotropic states can be induced 
photochemically.113b,114 In cholesteric LCs, the photoisomerization can lead to pitch 
changes;115 the first dopant ever to effect a change in cholesteric pitch upon 
irradiation was an achiral dopant containing an azobenzene core.116 
By structurally redesigning these switchable dopant molecules, their interactions 
with the LC host material and hence their helical twisting power has been 
improved.117 Furthermore, a range of photochromic switches, for instance based on 
dithienylethenes118 or fulgides,119 have been used as switchable dopants in LCs, 
generating changes in the cholesteric pitch of varying magnitude. However, with 
almost none of these systems does photoswitching lead to an inversion of the 
helical twisting power, which would result in a change in sign of the cholesteric 
helicity. 
 
Scheme 5.1 CPL-induced deracemization of chiroptical switch 38, generating a cholesteric 
LC phase (LPL or UPL: linearly or unpolarized light). 
Due to the inversion of the molecular helical shape involved with the isomerization 
steps of the chiroptical molecular switches120 and light-driven molecular motors 
based on sterically overcrowded alkenes121 developed in our laboratories, these 
molecules proved to be excellent photoswitchable dopants. This concept was first 
proven by irradiation with CPL of a nematic LC host doped with a racemic 
mixture of chiroptical switch 38 (Scheme 5.1). Irradiation of this racemic switch  
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with  l-CPL gave M-38  with only 0.07% ee, a chiral bias which is large enough 
however to generate a cholesteric phase when this irradiation is carried out in a 
nematic LC host (20 wt% 38 in K15).122 Irradiation with linearly polarized light led 
to the disappearance of the cholesteric phase, and irradiation with r-CPL resulted 
in a cholesteric phase of the opposite handedness. Subsequently, this concept was 
also demonstrated with the use of a dopant in which an axially chiral bicyclic 
ketone unit, photoresolvable with CPL, was linked to a mesogenic moiety.123 
 
Figure 5.35 Schematic representation of unidirectional rotation of guest motor molecule 39, 
the induced elongation of the helical pitch of the host LC, and the change in the wavelength 
of the reflected light. Reproduced with permission from reference [124]. Copyright 2002 
National Academy of Sciences, U.S.A. 
Cholesteric LCs reflect colored light when the length of their helical pitch is of the 
same order of magnitude as the wavelength of visible light. The color is not the 
result of absorption, as is the case with conventional dyes, but of selective 
reflection of the wavelengths that match with the helical pitch. The use of light-
driven molecular motor 39 as the chiral guest led to a light-addressable dopant-LC 
mixture with a cholesteric pitch short enough to reflect visible light. The thermal 
and photochemical isomerizations of this motor led to irreversible color changes of 
the LC film (Figure 5.35).124  This system possesses the basic requirements to be 
used in a full color addressable pixel, potentially useful in future generation liquid 
crystal displays.125 As described in Chapter 1, irradiation of a molecular motor  
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doped cholesteric LC was recently even found to lead to a rotational 
reorganization of the LC film, as a result of the photo-induced change of the 
cholesteric pitch.126 The rotational reorganization and concomitant change in 
helicity were applied to rotate microscopic objects, many orders of magnitude 
larger than the dopant motor molecules, deposited on top of the LC film. 
5.5.3   LC-Based Color Tests for Enantiomeric Excess 
This selective reflection of light, of which the wavelength is proportional to the 
cholesteric pitch length, was used to develop a color indicator for ee. In the initial 
approach, the chiral molecules to be analyzed first are derivatized with achiral 
mesogenic units, after which they are added to a nematic LC as a chiral dopant.127 
Due to the high helical twisting powers of these dopants, colored LC films are 
generated. As the color of these films is dependent on the ee of the dopants, this 
method allows the evaluation of the ee of simple chiral compounds by inspection of 
the color. In an extension of this work, mesogenically functionalized chalcone 
derivative 40 was designed, set-up for a copper-catalyzed asymmetric conjugate 
addition of diethyl zinc to form 41 (Figure 5.36a).128 Due to the high helical twisting 
power of 41, its addition to a nematic LC as chiral dopant generated colored LC 
films of which the color depends on the ee of the reaction product (Figure 5.36b).  
 
 
Figure 5.36 a) Conjugate addition to mesogenically functionalised chalcone 40, and b) the 
wavelength of the reflection of a nematic LC host (E7) doped with 41 (21 wt%) with different 
ee values. A low ee of 41 causes a red coloring of the LC film, whereas a high ee leads to a 
blue color. Reproduced with permission from reference [128]. Copyright 2004 Wiley-VCH 
Verlag GmbH & Co. KGaA. 
a) 
b)  
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After quenching of the reaction only a quick filtration is needed before mixing with 
the nematic LC host, therefore this color test provides a fast and reliable screening 
method for enantioselective catalysts and appropriate reaction conditions. 
5.5.4   Other Manifestations of Helicity in Liquid Crystals 
Besides this chiral variant of a nematic phase, also helically organized smectic LC 
phases are known, in which the calamitic molecules are arranged in layers and 
exhibit short-range orientational and translational order.106 For instance, in the 
SmC phase, the director is uniformly tilted at a certain angle with respect to the 
layer normal. In the chiral SmC* phase, this director precesses about the normal in 
a helical fashion with a certain pitch, much like what was described for the 
cholesteric phase. Also the formation of chiral smectic phases is induced by the 
addition of certain chiral dopant molecules.129 What makes these SmC* phases 
particularly interesting is the electric polarization oriented along the C2 symmetry 
axis of each smectic layer. The SmC* in its helical form is, however, not polar, as 
the polarization vectors add up to zero over one helical pitch. Between rubbed 
polyimide-coated glass slides, spaced at a distance in the order of the helical pitch, 
the helical phase unwinds, giving a net polarization perpendicular to the plane of 
the slides.130 These so-called surface-stabilized ferroelectric LCs are currently 
applied in displays technology.131 
Although they have been almost only of academic interest thus far, the particularly 
complicated LC structures called blue phases have attracted much attention 
lately.132 Within these mesophases, helical LC structures (cholesteric or chiral 
smectic) have self-organized into a three-dimensional LC structure. These phases 
are generally only stable in a very small temperature range (~ 1 K) between chiral 
thermotropic and isotropic phases. A number of years ago, compounds were 
discovered that exhibit blue phases stable in a much wider temperature interval 
( 4 0 - 5 0 ° C ) ,  m a k i n g  t h e m  b o t h  e a s i e r  t o  s t u d y  a n d  m o r e  s u i t a b l e  t o w a r d s  
application.133 A  d e t a i l e d  a n a l y s i s  o f  t h i s  p a r t i c u l a r  f i e l d  o f  L C  r e s e a r c h  i s ,  
however, outside the scope of this review. 
5.5.5   Polymeric Cholesteric LCs 
When mixed at sufficiently high concentration with certain solvents, aggregation 
of rigid, rod-like polymers leads to the formation of a lyotropic LC phase.110 A 
prominent class of these LC forming polymers are the polyisocyanates already 
discussed in Section 5.4.1.84 Similar to thermotropic LCs based on low-molecular-
weight molecules, where the addition of chiral dopant molecules leads to a 
nematic-to-cholesteric phase transition, the lyotropic nematic LC of poly(n-hexyl 
isocyanate) (PHIC) was converted to the cholesteric state by the addition of a 
variety of chiral small molecules and optically active polyisocyanates as dopants.134  
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Interestingly, the biased preference for one particular handedness was 
demonstrated to be further amplified in the cholesteric LC phase over that in dilute 
solution.  
                          
Figure 5.37 a) Poly(phenylacetylene) 42, bearing ammonium pendant groups that complex 
to optically active chiral acids as (S)-43, and b) a schematic illustration of the induction of 
one-handed macromolecular helicity in dilute solution and the additional chiral 
amplification in the LC phase. Adapted with permission from reference [135]. Copyright 
2004 American Chemical Society. 
Poly(phenylacetylene) 42 (Figure 5.37a), equipped with ammonium side-groups, 
forms a lyotropic, nematic LC phase in water at sufficient concentrations (>8 
wt%).135 Its complexation to a small amount of chiral acid (S)-43 biased a 
preference for a particular handedness of the macromolecular helicity, similar to 
the systems discussed in Section 4.2. This excess of one helical twist sense of the 
polymer was demonstrated to be further amplified in the LC phase (Figure 5.37b). 
Whereas the induced CD signal reached a maximum value upon the addition of  
approximately 0.2 equivalents of (S)-43 in dilute solution, already ~0.05 
equivalents of the chiral acid were sufficient to obtain the full induced CD in the 
LC phase. Also a much stronger majority-rules effect was found in the LC phase 
than in dilute solution: with increasing ee of 43, the induced CD of 42 reached a 
constant value at 10% ee in the LC matrix, whereas in dilute solution 60% ee is 
needed to obtain the full induced CD. The additional amplification of chirality in 
the LC phase is probably caused by interchain interactions between neighboring 
polymers in the LC phase. The effect is also suggested to be driven by the 
reduction in population of the helical reversals along the polymer chain, which 
disturb the local organization in the LC. 
a) b)  
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A large variety of polymeric LCs formed by polymers bearing photoswitchable 
units in the side-chains has been developed.136 Similar to the azobenzene-doped 
thermotropic LCs described in Section 5.5.2, the photo-induced trans-to-cis 
isomerization of photochromic azobenzene groups introduced in the side-chains of 
these polymers generally causes a disruption of the nematic LC phase, leading to a 
large change in birefringence.114,137 Whereas irradiation with linearly polarized 
light of these polymers has been shown to lead to an orientation of the 
azobenzenes perpendicular to the polarization direction of the light,138 CPL 
irradiation of these polymers has been shown to lead to a long-range helical 
arrangement of the azobenzenes.139 In polymeric LC’s this effect can be further 
amplified by a clear chiral organization of the LC, leading to a large induced CD 
signal.140  
 
Figure 5.38 Copolymer 44 containing both LC promoting p-cyano-phenyl benzoate and 
photoisomerizable arylidene-p-methane-3-one units. 
Copolymers with pendants LC promoting groups and photoswitchable units, 
mainly menthone- or binaphthyl-based switches, have been developed.136 A good 
example is copolyacrylate 44 ( Figure 5.38).136a UV irradiation of the cholesteric 
polymeric LC formed by 44 led to a shift of the reflection band toward longer 
wavelengths, indicating an elongation of the cholesteric pitch. 
Full control by temperature of the helical twist sense of a polymer, and of the 
cholesteric state of a lyotropic LC formed by it, has also been demonstrated. One 
system employed a polyisocyanate bearing structurally different chiral side-chains, 
which compete with each other favoring a left- and right-handed helical sense of 
the polymer’s backbone.141 Since the competing chiral biases depend on 
temperature in different ways, the polymer was shown to switch its helical 
conformation between left- and right-handed as a function of temperature (Figure 
39).142 Using these thermally controllable helical-switching polyisocyanates, also 
the helical pitch and twist sense of a cholesteric lyotropic liquid crystal formed by 
these polymers could be controlled thermally.141b  
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Figure 39 a) Isocyanate monomers 45-47, used to prepare several temperature-controllable 
helical switchable polymers, and b) optical activity [α] (at 589 nm, in dilute alkane solution) 
of various (R)-46:(S)-45 c o p o l y m e r s  a s  a  f u n c t i o n  o f  temperature. Reproduced with 
permission from reference [141a]. Copyright 2000 Wiley-VCH Verlag GmbH & Co. KGaA. 
A polysilylene bearing optically active (S)-3,7-dimethyl-n-octyl side-chains was 
also found to undergo a thermally driven inversion of its main-chain helicity at a 
set temperature.142c With these polymers, tuning of the transition temperature was 
possible by the introduction of different side-chains in copolysilanes and adjusting 
the molecular weight.143 The chiroptical properties of solid films cast from these 
polysilylenes could also be controlled.144 Furthermore, these thermo-switchable 
a) 
b)  
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polymers were used to form a command-layer on a surface, by which the 
chiroptical information was transferred in a binary polysilylene film.145 
5.6   Conclusions and Contents of the Following Chapters 
The transmission of chirality from the molecular to the macromolecular or 
supramolecular level, a process which is manifested in Nature to a vast extent, has 
been achieved in a large number of artificial helical assemblies constructed lately, 
utilizing various covalent or non-covalent bonding interactions. Of particular 
interest are the systems whose helicity is dynamic in nature, as their helical 
handedness can be biased and controlled by external stimuli, for instance light or 
the presence of chiral guest molecules. The strong cooperative interaction between 
the monomeric units in these helical assemblies, which forces them to take one 
particular handedness biased by a small molecular chiral input, often results in a 
chiral amplification over the chirality of the individual molecules. Based on these 
concepts, functionalized polymers and LC materials have been developed that act 
as highly sensitive chirality detectors and efficient ee indicators.  
Control of the handedness of helical assemblies by an external input, e.g. light, has 
been obtained in a number of systems in which photochromic molecular switches 
were used. Most success in this regard has been achieved in the field of low-
molecular-weight thermotropic LCs, via the photochemically induced switching of 
chiral dopant molecules. This host material is particularly sensitive to small 
molecular perturbations, facilitating its manipulation via an external signal. In the 
case of polymers and polymeric LCs, full control of the helical handedness or 
cholesteric pitch using photochromic molecular switches appeared to be less facile. 
The inversion of a slightly preferred helical twist sense of a helical polymer in a 
fully reversible way, as well as small alterations of the cholesteric pitch of 
polymeric LCs, have been demonstrated only after the decoration of the polymers 
w i t h  a  l a r g e  n u m b e r  o f  p h otoswitchable units. In the following two chapters, 
systems are described that allow fully reversible control of the preferred twist 
sense of a helical polymer, and of the pitch and handedness of the supramolecular 
helicity of a cholesteric LC composed of these polymers, using a single 
photochromic switch unit attached at the polymer’s terminus.  
In Chapter 6, a benzamide functionality is appended onto the lower-half of a 
fluorenyl-based second-generation light-driven molecular motor, after which the 
sodium salt of this molecule was used as the initiator of the polymerization of n-
hexyl isocyanate. The resulting helical polymer is functionalized at its α-chain-end 
with a single photochromic switch unit: a light-driven molecular motor operating 
as a chiroptical switch. Chiral information of the motor molecule was successfully 
transmitted to the macromolecular level of the helical polymer, and owing to the  
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changing chiral environment experienced by the polymer chain during the 
subsequent stages of rotation of the upper-half of the motor with respect its lower-
half, a three-state switching cycle with racemic, excess P and excess M helicity of 
the polymer’s backbone was accomplished.  
In Chapter 7, the design of the photochromic unit attached at the α-chain-end of 
the polyisocyanate first is changed from a light-driven molecular motor to a bi-
stable chiroptical molecular switch, by which the preferred helical twist sense of 
the polymer’s backbone becomes fully photo-addressable. With this re-designed 
system, the hierarchical transmission of chiral information from the molecular level 
of the chiroptical molecular switch, via the macromolecular level of the helical 
polymer, to the supramolecular level of a cholesteric LC phase is described. Via the 
reversible switching between an excess P and excess M helicity of the polymer’s 
backbone, the magnitude and sign of the supramolecular helical pitch of a 
lyotropic cholesteric liquid crystalline phase formed by these polymers is fully 
controlled by irradiation with different wavelengths of light. 
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Chapter 6 
Controlling the Twist Sense of a 
Helical Polymer Using a Light-
Driven Molecular Motor 
 
 
 
 
 
Transmission of chirality from a light-driven rotary molecular motor to the 
macromolecular level of a polyisocyanate allows fully reversible control of the 
preferred helical sense of the polymer backbone.
∗ 
 
 
 
 
 
 
 
 
 
 
∗ This chapter has been published: D. Pijper, B. L. Feringa, Angew. Chem., Int. Ed. 
2007, 46, 3693-3696.  
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6.1   Introduction 
The transmission of chiral information from the molecular to the macromolecular 
and supramolecular level is a topic of intense contemporary interest.1 Research in 
t h is are a ran ges fro m  f un dam en t a l studies on asymmetric autocatalysis,2 which 
aim to understand the origin of homochirality in nature,3 to more practical 
applications focusing on sensing and analysis of chiral compounds.4 Molecular 
chirality is defined as the non-superimposability of a compound on its mirror 
image,5 which is an intrinsic molecular property that as such cannot be amplified. 
The ratio in which a pair of enantiomers is present in a non-racemic mixture, as 
well as an effect or signal caused by the presence of chirality in a system, can, 
however, be increased. In dynamic supramolecular systems this has been achieved 
in, for example, two-dimensional lattices on surfaces,6 liquid crystals,7 chiral 
aggregates and gels,8 and synthetic helical foldamers9 and polymers.10  
The cholesteric liquid-crystalline phase, in which a large, supramolecular 
organization of the individual molecules is present in a helical fashion, is 
particularly sensitive to small molecular perturbations.7,11 Controlling the helicity 
in the LC phase will be the main topic of Chapter 7. In the work described in this 
chapter, the amplification of chiral information takes place via a helical 
polyisocyanate. The P and M helical conformations that this synthetic polymer 
adopts exist in a rapid dynamic equilibrium.12 A strong preference for one 
particular helical handedness can readily be biased by a subtle chiral influence, 
due to a large cooperativity between the non-chiral monomeric units and the 
resulting infrequent occurrence of helix reversals along the chain. Amplification of 
chirality has been demonstrated with these polymers involving the “sergeant-and-
soldiers”13 and “majority-rules”14 effects, and even by a chiral bias as small as a 
stereocenter generated by only the substitution of a hydrogen atom for a 
deuterium atom on every monomeric unit15 (see Chapter 5, Figures 5.19 and 5.20).  
Here, the chirality of a single light-driven molecular motor, situated at the 
terminus of the polymer chain, is transmitted to the macromolecular level of this 
helical polymer. Due to the distinctly different chiral induction by the molecular 
motor at the subsequent stages of its rotation cycle, fully reversible control of the 
preferred helical twist sense of the polymer is obtained. The reversible induction 
and inversion of the excess helical handedness allows a three-state switching cycle 
with racemic, P and M helicity of the polymer’s backbone.  
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6.1.1   Photochromic Polyisocyanates 
As described in Chapter 5, the introduction of an azobenzene photoswitch, 
containing two stereocenters in the side-chains of a polyisocyanate copolymer, was 
used to allow the photochemically induced transition of an excess M to P helicity 
of the polymer’s backbone.16 Also by resolving an axially chiral bicyclic ketone 
moiety, introduced in the side-chains of a co-polyisocyanate, with circularly 
polarized light, the preferred helical twist sense of polymer’s backbone has been 
switched.17 In both of these systems, the chiral information of multiple 
photochromic switches randomly distributed along the polymer chain was 
transferred to the polymer backbone. Alternatively, the presence of one chiral unit 
situated at the terminus of the polymer chain, introduced by the use of an optically 
active initiator for the polymerization, can induce a preferred helical twist sense of 
the polymer.18 Here, the extent to which the chiral unit influences the polymer 
depends on the persistence length of the polymer chain: the chiral information will 
be transferred along the polymer backbone until a helix reversal is encountered, 
after which the chiral influence is lost. In systems where the chiral input is 
introduced at the terminus of the polymer chain, the optical rotation of the helical 
polymers therefore depends greatly on its molecular weight and temperature.18  
 
In the molecular design presented here, a second-generation light-driven 
molecular motor is used as a chiroptical photochromic switch situated at the 
terminus of the helical polymer (Figure 6.1). The cis-isomers of the motor are 
anticipated to induce a large preference for a P or M helical sense of the polymer 
backbone as the naphthalene moiety in the upper-half of the motor is in close 
proximity to one specific side at the start of the polymer chain. The trans-isomers 
are anticipated to be less suited to induce a preference for one helical twist sense in 
the polymer.  
 
Figure 6.1 Schematic illustration of the different chiral induction of the trans and cis isomers 
of the light-driven molecular motor towards a helical polymer to which terminus it is 
covalently attached.  
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6.2   A Benzamide Functionalized Molecular Motor 
6.2.1   Molecular Design 
In order to maximize the chiral induction towards the polymer chain in this 
system, the different isomers of the molecular motor introduced at the polymer’s 
terminus should preferably be fully addressable. For this reason the fluorenyl-
based molecular motor with a five-membered ring in the upper-half19 already 
described in Chapter 3 was chosen as the chiral four-state switch for this work. The 
equilibria at the photostationary states (PSSs) of the photo-isomerization steps 
(step 1 and 3 in Scheme 6.1) of this motor favor the thermally unstable isomer (in 
ratio’s of 3:1), and the thermal helix inversion steps (step 2 and 4 in Scheme 6.1) can 
be readily controlled, as the thermal conversions are very slow at -20°C but take 
place on the scale of minutes at room temperature (t1/2(20°C) = 3.2 min). This 
means that all four possible isomers can be obtained by a combination of light-
controlled and temperature-controlled steps, as shown in Scheme 6.1. 
 
Scheme 6.1 Photochemical and thermal isomerizations involved with the unidirectional 
rotary cycle of light-driven molecular motor 1. 
The sodium salt of benzanilide was shown to be an excellent initiator for the 
anionic polymerization of poly(n-hexyl isocyanate).20 A benzamide functional  
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group was therefore introduced onto light-driven molecular motor 2 (Figure 6.2), 
yielding a lower-half of the molecule analogous to benzanilide, with the intention 
that its sodium salt can also act as an initiator for the polymerization. We reasoned 
that in order to induce the largest change in the chiral environment of the chain-
end of the polymer due to the different stages of the upper rotor part, the amide 
functionality has to be introduced at the 2-position of the lower stator half of the 
motor. Furthermore, functionalization with a methoxy substituent at this position 
in previous cases did not significantly affect the photochemical or thermal 
isomerization processes of the motor molecule.19,21 
 
Figure 6.2 a) Cis- and b) trans-isomers of benzamide functionalized motor 2, chain-end 
motor functionalized poly(n-hexyl isocyanate) 3 and N-acetylated motor 4. 
6.2.2   Synthetic Strategy 
A retrosynthetic analysis for benzamide functionalized molecular motor 2 is shown 
in Scheme 6.2. The crucial step in the synthesis of this sterically overcrowded 
alkene, like for all of these systems described before, is the formation of the 
sterically demanding central double bond. Similar to the synthesis of the second-
generation motor molecules described in Chapters 2, 3 and 4, the so-called Barton-
Kellogg reaction22 between a diazo-compound and a thioketone appeared to 
provide the most suitable methodology to achieve this. It involves a reaction 
between an upper-half diazo-compound and a lower-half thioketone. However, for 
the fluorenyl-based molecular motors this reaction requires the use of 
thiofluorenone which is fairly unstable. Therefore, the upper-half diazo-compound 
and the lower-half thiofluorenone have to be prepared simultaneously and 
combined after a quick purification. The reaction between the upper-half 
thioketone and the lower-half diazofluorenone appeared to be more suitable, as 
both of these compounds are stable and can be stored for a while after their 
preparation. Furthermore, we decided to introduce the benzamide moiety in the 
last step of the synthesis, as it is suspected not to be stable towards hydrazine at 
elevated temperatures during the formation of the lower-half hydrazone. 
Therefore, a fluorenyl moiety bearing a bromine functionality is used, which is 
a) b)  
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unreactive throughout the synthesis, until the last step where the bromine is 
substituted for the desired benzamide group via a palladium-catalyzed reaction. 
 
Scheme 6.2 Retrosynthetic analysis of benzamide functionalysed molecular motor 2. 
The synthesis of ketone 8, precursor of the upper-half thioketone needed for the  
Barton-Kellogg coupling reaction, was performed as described in the literature23 by 
a Friedel-Crafts acylation on naphthalene using methacryloyl chloride and AlCl3 at 
-78°C followed by an intramolecular Nazarov cyclization, providing the ketone in 
90% yield in only one step (Scheme 6.3). Conversion of this compound to the 
desired thioketone 6 was performed as described by Vicario,24 by treatment with 
Lawesson’s reagent in refluxing toluene, giving 6 in 55% yield (this thioketone can 
be stored for at least 3 days at -12°C). 
 
Scheme 6.3 Synthesis of upper-half thioketone 6.  
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The synthesis of 2-bromo-diazofluorenone (Scheme 6.4), the other compound 
needed for the Barton-Kellogg coupling reaction, was performed in three steps, 
starting with the conversion of 2-bromo-fluorene 12 to 2-bromo-fluorenone 9, 
following a procedure described by Lai and coworkers.25 Conversion to hydrazone 
13 was achieved subsequently by refluxing of 9 in MeOH for 3 h in the presence of 
excess hydrazine-monohydrate. This reaction was followed carefully by TLC, as 
the product can be converted back to 2-bromo-fluorene 12 via Wolff-Kishner 
reduction (in higher boiling solvents such as propanol and EtOH 12 was obtained 
as the main product). The hydrazone was converted to the desired diazo-
compound by treatment with activated manganese oxide, giving 2-bromo-
diazofluorenone 7 in quantitative yield. 
 
Scheme 6.4 Synthesis of lower-half diazofluorenone 7. 
The coupling reaction between the upper-half thioketone 6 and the lower-half 
diazofluorenone 7 was performed by refluxing in benzene for 1 h (Scheme 6.5). 
Whereas the Barton-Kellogg coupling via an upper-half diazo-compound and a 
lower-half thioketone almost always yielded the episulfide as a synthetic 
intermediate, the “reverse” coupling reaction between an upper-half thioketone 
and lower-half diazofluorenone yielded the desired alkene directly in one step. 
Due to difficult separation, rather challenging chromatography over silica was 
needed to purify the compound, especially from the 2,2’-dibromo-9,9’-
bifluorenylidene which was formed as a by-product. Alkene 5 was obtained in 40% 
yield as a mixture of cis and trans isomers (only the trans isomer is shown in 
Scheme 5), and used without separation of these geometrical isomers in the final 
step. A procedure developed by Buchwald and coworkers26 was used to introduce 
the benzamide functionality. This palladium-catalyzed amidation reaction, using 
cesium carbonate as the base and xantphos as the ligand, gave the desired 
benzamide functionalized molecular motor 2 in 76% yield.  
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Scheme 6.5 Synthesis of benzamide functionalized molecular motor 2 via a diazo-thioketone 
coupling followed by a palladium-catalyzed amidation reaction (xantphos: 4,5-
bis(diphenylphosphino)-9,9-dimethylxanthene). Alkenes 5 and 2 are obtained as a mixture 
of the cis- and trans-isomers, only the trans-isomers are shown. 
 
Figure 6.3 2D NOESY spectrum of trans-2 (20°C, CD2Cl2). The area surrounded by the solid 
rectangle shows the NOE cross peaks caused by the intramolecular interactions.  
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6.2.3   Separation and Characterization of the Isomers 
Benzamide-functionalized motor 2 was isolated as a mixture of the cis- and trans-
isomers, which were separated by column chromatography over silica using a 1:1 
mixture of pentane and Et2O as the eluent. The structure of the geometrical isomers 
were assigned by a combination of 1H NMR and Nuclear Overhauser 
Enhancement (NOE) spectroscopy. First of all, the absorption of aromatic proton 
Hd, neighboring the benzamide substituent in the lower-half, is shifted from 8.63 
ppm (trans-2) to 6.39 ppm (cis-2) due to a shielding effect by the naphthalene 
moiety of the upper-half in cis-2 (Table 1). In the NOE spectra, the cross peaks 
between Ha (a singlet at 1.48 ppm) and Hb (a multiplet at 4.41 ppm) with Hd (a 
singlet 8.63 ppm) are indicative of the trans-isomer (Figure 6.3). The cross peaks 
between Ha (a singlet at 1.38 ppm) and Hb (a multiplet at 4.35 ppm) with Hc (a 
doublet at 7.91 ppm) and the absence of cross peaks between Ha and Hb with Hd 
(a singlet at 6.39 ppm) are indicative of the cis-isomer (Figure 6.4). 
 
Figure 6.4 2D NOESY spectrum of cis-2 (20°C, CDCl3). The area surrounded by the solid 
rectangle shows the NOE cross peaks caused by the intramolecular interactions.  
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After separation of the geometrical isomers, they were obtained as a racemate. 
Enantioresolution was achieved by HPLC using a chiral stationary phase: for both 
isomers, separation of the enantiomers was feasible on a Chiralpak AD column 
upon elution with a mixture of n-heptane:iso-propanol (in a 80:20 ratio to separate 
(2’S)-(M)-trans-2 and (2’R)-(P)-trans-2, and in a 95:5 ratio in the case of (2’S)-(M)-cis-
2 and (2’R)-(P)-cis-2). The assignment of the absolute configuration was done by 
comparison of the CD spectra of the enantiomers with the CD spectra of previously 
reported second-generation motors.21 
6.2.4   Photochemical and Thermal Isomerization Studies 
To validate that 2 still operates as a molecular motor, the photochemical and 
thermal isomerization steps were studied using low-temperature UV/vis, CD and 
1H NMR spectroscopy. A sample of (2’R)-(P)-cis-2 in n-hexane was irradiated (λ = 
365 nm) at -20°C, which resulted in the appearance of a distinct absorption around 
430 nm in the UV/vis spectrum (Figure 6.5a). The photochemically induced 
formation of the unstable isomer was accompanied by the appearance of a similar 
absorption at longer wavelengths in case of parent molecular motor 1, and was 
attributed to the enhanced twisting of the central olefinic bond in the thermally 
unstable isomer.19 Irradiation of the sample also resulted in a change in sign of the 
CD absorptions (Figure 6.5b), indicative for the inversion of the intrinsic helicity of 
the molecule involved with the conversion of (2’R)-(P)-cis-2  to (2’R)-(M)-trans-2 
(step 1 in the rotary cycle depicted in Scheme 6.6). 
 
Figure 6.5 UV/vis (a) and CD (b) spectra (n-hexane, -20°C) of stable (2’R)-(P)-cis-2 (solid 
line), the PSS mixture with stable (2’R)-(P)-cis-2 and unstable (2’R)-(M)-trans-2 (dotted line) 
after irradiation (λ = 365 nm) (step 1 in rotation cycle), and the mixture of stable (2’R)-(P)-cis-
2 and stable (2’R)-(P)-trans-2 (dashed line) after irradiation and standing in the dark for 30 
min at room temperature (step 2). 
a) b)  
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Upon irradiation (λ = 365 nm) of a sample of a racemic mixture of stable cis-2 in 
CD2Cl2 for 20 h at -80°C, new signals corresponding to the unstable trans isomer 
appeared in the 1H NMR spectrum. The signal of the methyl substituent (a doublet 
at 1.34 ppm), which adopts an axial orientation in the stable cis-1 isomer, shifted 
downfield (1.59 ppm) as a result of the equatorial orientation which it adopts in 
this unstable trans-1 isomer. The signal of the aromatic proton Hd, neighbored by 
the benzamide substituent and the central double bond in the fluorenyl-based 
lower-half of the molecule (a singlet at 6.60 ppm), shifted downfield (8.35 ppm) 
corresponding to the cis-to-trans isomerization. 
Upon standing in the dark for 30 min at 20°C, the changes in the UV/vis and CD 
spectra almost completely reversed (Figure 6.5), indicative of the thermal helix 
inversion of the molecule to provide (2’R)-(P)-trans-2 (step 2 in Scheme 6.6). The 
conversion of unstable trans-2 to the stable trans-isomer was also observed with 1H 
NMR. The doublet of the methyl substituent shifted upfield to 1.37 ppm, indicative 
for this group adopting an axial orientation again. The signal of the aromatic 
proton Hd, neighbored by the benzamide substituent, only shifted slightly further 
downfield to 8.58 ppm, still corresponding to the trans isomer. 
Due to the thermal instability of (2’R)-(M)-trans-2, the PSS ratio at the 
photoequilibrium cannot be determined directly by HPLC. However, after the 
thermal conversion, the amount of unstable isomer in the PSS mixture is reflected 
by the amount of the stable geometrical isomer formed. Using HPLC analysis of 
the mixture of  (2’R)-(P)-cis-2 and (2’R)-(P)-trans-2 obtained after the photochemical 
and thermal isomerization steps, a ratio of stable (2’R)-(P)-cis-2 to unstable (2’R)-
(M)-trans-2 in the PSS of the photoequilibrium (step 1 in Scheme 6.6) of 21:79 was 
determined. 
Upon irradiation of a sample of (2’R)-(P)-trans-2 under identical conditions (step 3 
in Scheme 6.6), similar changes in the UV/vis and CD spectra were observed as 
seen for (2’R)-(P)-cis-2 (Figure 6.6). In the 1H NMR spectrum, the signals of the 
methyl protons again shifted to lower field (from 1.37 to 1.44 ppm), corresponding 
to the equatorial orientation this group is forced to adopt in the unstable cis-2 
isomer, whereas the signal of the aromatic proton Hd, neighbored by the 
benzamide substituent, shifted upfield (from 8.58 to 6.88 ppm), in accordance with 
a trans-to-cis isomerization. On standing in the dark for 30 min at 20°C, the changes 
in the UV/vis and CD spectra almost completely reversed (step 4 in Scheme 6.6). 
The doublet of the methyl substituent shifted upfield to 1.34 ppm (axial 
orientation), and the signal of the aromatic proton neighboring the benzamide 
shifted slightly further upfield to 6.60 ppm, still corresponding to the cis isomer. 
Using HPLC, a PSS ratio of stable (2’R)-(P)-trans-2 to unstable (2’R)-(M)-cis-2 of this 
photoequilibrium (step 3 in Scheme 6) of 21:79 was determined as well.  
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Figure 6.6 UV/vis (a) and CD (b) spectra (n-hexane) of stable (2’R)-(P)-trans-2 (solid line), 
the PSS mixture with stable (2’R)-(P)-trans-2 and unstable (2’R)-(M)-cis-2 (dotted line) after 
irradiation (λ = 365 nm) (step 3 in rotation cycle), and the mixture of stable (2’R)-(P)-trans-2 
and stable (2’R)-(P)-cis-2 (dashed line) after irradiation and standing in the dark for 30 min 
at room temperature (step 4). 
 
Scheme 6.6 Photochemical and thermal isomerizations involved with the unidirectional 
rotary cycle of benzamide-functionalized light-driven molecular motor 2. 
a) b)  
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6.3   A Chain-End Molecular Motor Functionalized Polyisocyanate 
6.3.1   Polymerization of n-Hexyl isocyanate Initiated by a Molecular Motor 
The polymerization of n-hexyl isocyanate (HIC), using benzamide-functionalized 
motor molecule 2 as the anionic initiator, was accomplished via a slightly altered 
version of the procedure developed by Lee and coworkers.20 Their work involves 
the use of sodium benzanilide as the initiator of the anionic polymerization, which 
serves a second function of efficiently protecting the living chain-ends (Figure 6.7). 
Other commonly used initiators of this anionic polymerization, such as NaCN or 
metal naphthalenides, suffer from initiation and propagation rates that are too fast, 
resulting in unpredictable molecular weights (Mw) and broad weight 
distributions. Side-reactions, particularly the formation of cyclic trimers from 
“back-biting” of the living polymer chain-end, also hamper the formation of 
polymers in high yields and narrow weight distributions. Sodium benzanilide is a 
relatively weak nucleophile, leading to a low probability of side-reactions and a 
slow initiation of the polymerization. It also mimics the amidate ion of the 
polymer, which establishes propagation rates similar to the initiation rate. Finally, 
the formation of sodium benzanilide clusters which protect the growing chain-end 
of the polymer, by preventing the back-biting reaction, was suggested to cause the 
high polymer yields.20 
 
Figure 6.7 Suggested mechanism for the polymerization of isocyanates with sodium 
benzanilide serving the dual function of initiation and protection of the living chain ends 
(HIC = n-hexyl isocyanate). 
Prior to their use in the polymerization (Scheme 6.7), the solvent (THF) was 
distilled over sodium and the monomer (HIC) was distilled under reduced 
pressure over CaH2. A solution of (2’S)-(M)-trans-2 in THF (4 mL) was cooled to -
70°C and exactly one equivalent of sodium hexamethyldisilazide (NaHMDS) was 
added (Scheme 6.7a), which caused a color change from yellow to orange-red due 
to the formation of the amidate anion. After cooling further to -98°C, one hundred  
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equivalents of the monomer (HIC) were added. During the following 45 min, the 
temperature was maintained at -98°C and the mixture slowly turned more viscous 
and the color lighter orange. After 45 min, acetyl chloride and pyridine were added 
in excess to end-cap the polymers and the mixture was allowed to warm to room 
temperature. Work-up of the reaction mixture, by pouring it in MeOH (100 mL), 
resulted in the precipitation of the polymer. After filtration, the polymer was 
washed extensively with MeOH and dried in vacuo. The polymer was obtained in a 
yield of 69%. Repeating this procedure starting with (2’S)-(M)-cis-2 yielded the 
corresponding polymer in 79% (Scheme 6.7b). 
 
Scheme 6.7 Anionic polymerization of n-hexyl isocyanate using the sodium salt of 
benzamide functionalized molecular motor 2 a s  t h e  i n i t i a t o r ,  g i v i n g  a )  ( 2 ’ S)-(M)-trans-3-
PHIC and b) (2’S)-(M)-cis-3-PHIC. 
The polymers were analyzed using gel permeation chromatography (GPC) (Table 
6.1) and 1H NMR spectroscopy.27 GPC calibration was performed using 
polystyrene standards, hence the results presented here are likely to be slightly 
inaccurate, due to the difference in hydrodynamic volume between the stiff and 
rigid polyisocyanates and polystyrene. Actually, even calibration with poly(n-
hexyl isocyanate) (PHIC) standards would not provide completely accurate results, 
as the rather short polymers are functionalized with a large functional group at the 
start of the chain. For this work, the GPC results therefore are used to support the 
outcome of the 1H NMR and CD analysis. The results do suffice to state that both 
polymerizations afforded short polymers (Mw ~ 20000), and that a slightly shorter 
polymer was obtained with the use of (2’S)-(M)-trans-2  as the initiator as with 
initiation by (2’S)-(M)-cis-2. Short chains may be actually advantageous, as the 
a) 
b)  
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stereoinduction is limited by the persistence length of the polymer and the number 
of monomer units along which the chirality is transferred.18 
Table 6.1 Molecular weight average and distribution as measured by GPC (THF, 20°C) 
according to universal calibration using viscometry and refractive index detection. The 
columns were calibrated using narrow disperse polystyrene standards. 
Initiator Mn  Mw  D 
(2’S)-(M)-trans-2 14850  19700  1.33 
2’S)-(M)-cis-2 19750  28700  1.45 
 
The polymers were further analyzed using 1H NMR (Figure 6.8). Apart from the 
large and broad signals of the C6H13 side chains of the polymer (0.6-2.0 and 3.7 
ppm), the low-intensity signals of the aromatic protons of the molecular motor 
attached to the polymer’s terminus are visible in the aromatic region (7-8 ppm). 
The exact determination of the chain length on basis of the ratio of the integrals of 
these signals is also imprecise however, due to the broad nature of the signals and 
the low intensity and signal-to-noise ratio of absorptions of the aromatic protons. 
For both of the polymers, an estimate of 100 monomeric units can be made, 
corresponding to a molecular weight of  about 13500. 
 
 
Figure 6.8 1H NMR spectra (CDCl3, 20°C) of a) (2’S)-(M)-trans-3-PHIC and b) (2’S)-(M)-cis-3-
PHIC. The absorptions of the aromatic protons of the molecular motor attached to the 
polymer are visible between 6.6 and 8.1 ppm. 
a) 
b)  
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6.3.2   Synthesis Polymer Bound Molecular Motor Analogues 
The effect of the photochemically and thermally induced switching of the motor 
molecule on the helicity of the polymer attached to it was analyzed using CD 
spectroscopy. In order to distinguish between the CD absorptions caused by the 
polymer and of those of the motor molecule connected to it, a representative 
analogue of this motor molecule was needed. Therefore, the amide functionalized 
motor molecules (2’S)-(M)-trans-2 and (2’S)-(M)-cis-2 were acetylated affording 
motor molecules (2’S)-(M)-trans-4 and (2’S)-(M)-cis-4  (Scheme 6.8), which were 
used as CD reference compounds. A similar procedure as for the polymerization 
was followed, only no monomer was added in this case. Purification of the 
products was complicated by the acid-labile nature of the imides on silica. After 
column chromatography, trace amounts of hydrolyzed products were always 
observed. Purification was eventually achieved by preparative TLC. 
 
Scheme 6.8 Synthesis of molecular motors 4 by acetylation of the amides, giving a) (2’S)-
(M)-trans-4 and b) (2’S)-(M)-cis-4. 
Comparison of the CD spectra of (2’S)-(M)-trans-4 and (2’S)-(M)-trans-3-PHIC first 
of all facilitated the accurate determination of the chain-length of the polymer. For 
this isomer of the molecular motor, the CD spectra completely overlap, as the 
polymer experiences no chiral induction and exists as a racemic mixture with equal 
amounts of P and M helices (see Section 3.3). Therefore, the concentration of 
molecular motor connected to the polymer in a sample containing a known 
concentration of polymer could be exactly determined, and from the ratio of these 
concentrations an average chain length of 95 monomer units was determined. This 
a) 
b)  
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strategy was also applied with (2’S)-(M)-cis-4 and (2’S)-(M)-cis-3-PHIC, as above 
280 nm the polymer does not absorb and the CD signal observed is caused solely 
by the molecular motor attached, and an average chain length of 130 monomer 
units was determined in this way. 
6.3.3   CD Analysis Polymer Switch Cycle 
In order to analyze the chiral induction of the different isomers of the molecular 
motor involved in the four step rotation cycle, the photochemical and thermal 
isomerization steps of 3-PHIC were followed with CD spectroscopy, using the CD 
spectra of the different isomers of 4 to discriminate between the CD absorptions of 
the helical polymer and those of the molecular motor connected to it. First, the 
photoisomerization of (2’S)-(M)-trans-3-PHIC was followed using CD spectroscopy 
and the results were compared to those obtained using (2’S)-(M)-trans-4 (Figure 
6.9). Initially, nearly identical spectra were obtained for the polymer and the 
acetylated motor (Figure 6.9a), indicating that for this isomer the CD signals of the 
polymer-motor hybrid originate solely from the attached motor molecule (see also 
the near zero CD difference absorption spectrum in Figure 6.9d). Apparently, there 
is no effective chiral induction from this isomer of the molecular motor to the 
polymer backbone, which exists as a racemic mixture with P and M helicity. Upon 
irradiation of a sample of (2’S)-(M)-trans-3-PHIC in Et2O at -20°C (λ = 365 nm), 
providing (2’S)-(P)-cis-3-PHIC (step 1 in Figure 6.9), a dramatic change in the CD 
spectrum of the polymer was observed, with new absorption maxima appearing 
around 220 nm and 260 nm (Figure 6.9b). Irradiation under the same conditions of 
a sample of (2’S)-(M)-trans-4 resulted in an inversion of the CD absorptions, in 
accordance with the helix inversion of the acetylated motor to provide (2’S)-(P)-cis-
4. Subtraction of the CD spectrum obtained after irradiation of the acetylated 
motor from the CD spectrum of the polymer yielded a CD difference spectrum 
typical of PHIC with an excess of the M (left-handed) helical sense of the backbone 
(Figure 6.9d). 
Upon standing in the dark for 30 min at 20°C, (2’S)-(P)-cis-3-PHIC thermally 
converted to (2’S)-(M)-cis-3-PHIC (step 2 in Figure 6.9), which resulted in a change 
of sign of the main CD absorptions of the polymer. In contrast, the CD spectrum of 
the acetylated motor nearly returned to the original spectrum of (2’S)-(M)-trans-4 
after the conversion of  (2’S)-(P)-cis-4 to (2’S)-(M)-cis-4 (the CD spectra of (2’S)-(M)-
trans-4 and (2’S)-(M)-cis-4 are nearly identical). The most notable feature is the 
inversion of the CD difference spectrum (Figure 6.9d), indicating the chirality of 
the polymer backbone had switched from a predominant M to a P helical sense.  
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Figure 6.9 CD spectra (Et2O, -20°C) of a) (2’S)-(M)-trans-3-PHIC (solid) and (2’S)-(M)-trans-4 
(dotted), b) step 1: the PSS mixture with (2’S)-(M)-trans-3-PHIC and (2’S)-(P)-cis-3-PHIC 
(solid) and the PSS mixture with (2’S)-(M)-trans-4 and (2’S)-(P)-cis-4 (dotted) after irradiation 
(λ = 365 nm), c) step 2: the mixture of (2’S)-(M)-trans-3-PHIC and (2’S)-(M)-cis-3-PHIC (solid) 
and the mixture of (2’S)-(M)-trans-4 and (2’S)-(M)-cis-4 (dotted) after irradiation and 
standing in the dark at 20°C for 30 min and d) Molar elipticity spectra of the polymer 
backbone (CD difference spectra polymer 3 – acetylated motor 4) for the stable (2’S)-(M)-
trans-isomer of the motor (solid), after irradiation (dotted) and after irradiation and standing 
in the dark at 20°C (dashed). 
a) b) 
c) d)  
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Figure 6.10 CD spectra (Et2O, -20°C) of a) (2’S)-(M)-cis-3-PHIC (solid) and (2’S)-(M)-cis-4 
(dotted), b) step 3: the PSS mixture with (2’S)-(M)-cis-3-PHIC and (2’S)-(P)-trans-3-PHIC 
(solid) and the PSS mixture with (2’S-(M)-cis-4 and (2’S)-(P)-trans-4 (dotted) after irradiation 
(λ = 365 nm), c) step 4: the mixture of (2’S)-(M)-cis-3-PHIC and (2’S)-(M)-trans-3-PHIC (solid) 
and the mixture of (2’S)-(M)-cis-4  and (2’S)-(M)-trans-4  (dotted) after irradiation and 
standing in the dark at 20°C for 30 min and d) Molar elipticity spectra of the polymer 
backbone (CD difference spectra polymer 3 – acetylated motor 4) for the stable (2’S)-(M)-cis-
isomer of the motor (solid), after irradiation (dotted) and after irradiation and standing in 
the dark at 20°C (dashed). 
a) 
d)  c) 
b)  
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Irradiation (λ = 365 nm) of a sample of (2’S)-(M)-cis-3-PHIC at -20°C generated a 
PSS predominantly consisting of (2’S)-(P)-trans-3-PHIC (step 3 in Figure 6.10). 
Although this was expected to lead to a depletion of the CD absorptions which 
correspond to the polymer backbone (as only the cis-isomers of the motor were 
anticipated to induce a preferred helicity), a slight increase in the intensity of the 
CD signals of the polymer was observed (Figure 6.10a, b). A sample of (2’S)-(M)-
cis-4 was irradiated under the same conditions, resulting in an inversion of the CD 
absorptions, again in accordance with the helix inversion of the acetylated motor to 
provide (2’S)-(P)-trans-4. Also the CD absorptions in the CD difference spectrum 
increased slightly (Figure 6.10d), indicating a somewhat higher induction of a P 
helical sense of the polymer backbone by the (2’S)-(P)-trans-isomer compared to 
the (2’S)-(M)-cis-isomer of the motor. 
Upon standing in the dark for 30 min at 20°C, (2’S)-(P)-trans-3-PHIC thermally 
converted to (2’S)-(M)-trans-3-PHIC (step 4 in Figure 6.10), resulting in a strong 
decrease in the intensity of the main absorptions around 220 and 260 nm (Figure 
6.10c). The thermal conversion of acetylated motor (2’S)-(P)-trans-4 to (2’S)-(M)-
trans-4 under similar conditions was accompanied by the formation of the original 
spectrum of (2’S)-(M)-trans-4. Also, the intensity of the absorptions in the CD 
difference spectrum strongly decreased (Figure 6.10d) (the remaining absorption is 
attributed to (2’S)-(M)-cis-3-PHIC present in the PSS mixture). 
6.3.4   A Three-State Switching Cycle of Macromolecular Helicity 
As anticipated, the (2’S)-(M)-trans-isomer does not induce any preference for one 
specific helical sense in the polymer backbone. After a photochemical trans-to-cis 
isomerization, the naphthalene moiety comes in close proximity to the α-chain-end 
of the polymer chain, which results in a preferred M helical sense of the polymer 
backbone (step 1 in Figure 6.9, and Figure 6.11). A thermal helix inversion in the 
motor molecule brings the naphthalene moiety to the opposite side of the polymer 
chain, which inverts the preferred helical sense of the polymer (step 2 in Figure 6.9, 
and Figure 6.11). The subsequent photochemical cis-to-trans isomerization does not 
immediately lead to the anticipated loss of excess helical sense in the polymer 
backbone (step 3 in Figure 6.10). This can be understood if one realizes that the 
methyl substituent, which adopts an axial orientation and points away from the 
lower-half of the motor in (2’S)-(M)-trans-3- P H I C ,  i s  f o r c e d  i n  a n  e q u a t o r i a l  
orientation in (2’S)-(P)-trans-3-PHIC, whereby it is in much closer proximity to the 
α-chain-end of the polymer and as a consequence locks the PHIC helicity. As the 
methyl substituent in (2’S)-(P)-trans-3-PHIC resides on the same side of the lower-
half of the motor as the naphthalene moiety in (2’S)-(M)-cis-3-PHIC, the polymer 
backbone retains its preference for the M helical sense. Another thermal helix 
inversion of the motor (step 4 in Figure 6.10) is required to regenerate the original  
 
 
   237 
 
 
 
 
Chapter6.doc 
Controlling the Twist Sense of a Helical Polymer Using a Light-Driven Molecular Motor 
 
stable trans isomer, completely eliminating the excess helical sense in the polymer 
backbone. 
 
Figure 6.11 Schematic illustration of the reversible induction and inversion of the helicity of 
a polymer backbone by a single light-driven molecular motor positioned at its terminus. 
Irradiation of the photochromic unit leads to a preferred helical sense of the polymer 
backbone. A thermal isomerization of the rotor unit inverts the preferred helicity of the 
polymer chain. A subsequent photochemical and thermal isomerization step establish the 
original situation with a random helicity of the polymer backbone. 
6.4   Conclusions 
The results presented here show that it is indeed possible to transfer the chirality of 
a chiral photochromic switch unit – here a rotary molecular motor – attached to the 
terminus of a polyisocyanate to the polymer’s backbone, making it possible to 
reversibly induce and invert a preferred helical sense of the polymer. In contrast to 
previously described systems, where multiple photochromic switch units are 
distributed along the polymer chain, here a single molecular switch unit is 
sufficient to determine the preferred helicity of the macromolecule. A drawback of 
this system is the fact that control of the exact composition of the mixture of 
isomers and the associated chiral induction towards the polymer chain upon 
irradiation is a highly complex process, as after one switch cycle a mixture of the 
different isomers is obtained due to the non-perfect PSSs. There is also still room 
for improvement in terms of the extent of chiral amplification: comparison of the 
molar elipticity of (2’S)-(P)-trans-3-PHIC (Figure 10d, [θ]255  ≈ 5000) with that of 
poly((S)-2,6-dimethyl-heptyl isocyanate) (Figure 19 in Chapter 5, [θ]255 ≈ 55000), a 
polymer that can be assumed to exist completely in one helical form, shows that  
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the helical excess amounts only approximately 9%. A possible explanation would 
be the persistence length of the polymer being shorter than the length of the 
polymer. This is not very likely to be a major factor however, as helix reversals will 
rarely occur along the relatively short polymer chains: in hydrocarbon solvents at 
20°C, the population of helix reversals has been estimated at one per 600 
monomeric units.12 A better explanation therefore is the chiral transduction of the 
molecular motor to the polymer chain being yet far from optimal. A strategy to 
improve the chiral induction would be to attach the polymer’s terminus at a 
position of the motor molecule that creates a stronger stereoinduction. This 
appears to be a valid strategy, as with the redesigned system that will be discussed 
in Chapter 7, a significant increase in chiral induction is achieved. Moreover, with 
the new system the photo-induced switching of the helicity of the polymers is 
investigated in a liquid crystalline environment. 
6.5   Experimental Section 
General remarks 
For general remarks, see Section 2.6. Uniplate thin layer chromatography plates 
were purchased at Analtech (Newark, DE); dimensions: 20 x 20 cm, layer thickness: 
2000 microns. NOE and low-temperature 1H NMR spectra were recorded on a 
Varian Unity Plus (500 MHz) spectrometer in CD2Cl2 ( 1H δ = 5.32). Irradiation 
experiments were performed with a Spectroline ENB-280C/FE UV lamp at 365 nm. 
Gel permeation chromatography (GPC) measurements were performed in THF on 
a Spectra Physics AS 1000 LC-system according to universal calibration using a 
Viscotek H-502 viscometer and a Shodex RI-71 refractive index detector.  The 
columns (PLGel 5m mixed-C) (Polymer Laboratories) were calibrated using 
narrow disperse polystyrene standards (Polymer Laboratories). 
 
2-Bromofluorenone (9) 
Starting with 2-bromofluorene 12 (25 g, 102 mmol), and following the procedure 
described in the literature,25 the product was obtained as a yellow solid after 
crystallization from EtOH (23.2 g, 90 mmol, 88%). mp 154-156°C; 1H NMR (400 
MHz, CDCl3) δ 7.26 (d, J = 8.0 Hz, 2H), 7.37-7.44 (m, 2H), 7.50 (d, J = 7.7 Hz, 1H), 
7.56 (d, J = 7.2 Hz, 1H), 7.63 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 120.3 (d), 121.6 
(d), 122.8 (s), 124.4 (d), 127.3 (d), 129.3 (d), 133.4 (s), 134.9 (d), 135.5 (s), 136.9 (d), 
142.8 (s), 143.4 (s), 192.1 (s); m/z (EI+, %) = 260, 258 (M+, 100), 151 (47); HRMS (EI+):  
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calcd for C13H7OBr 257.9680, found 257.9698; Anal. calcd for C13H7OBr: C, 60.26; H, 
2.72, found: C, 60.10; H, 2.67. 
 
(2-Bromo-9H-fluoren-9-ylidene)hydrazine (13) 
To a solution of 9 (1.0 g, 3.9 mmol) in MeOH (10 mL), hydrazine monohydrate (1.0 
mL) was added, and the mixture was heated to reflux for 3 h. The solution was 
cooled, poured on water (50 mL) and the resulting aqueous solution was extracted 
with ethyl acetate (3 × 75 mL). The organic phase was washed with brine, dried 
(NaSO4) and the solvent was removed under reduced pressure to yield the product 
as a beige solid (1.0 g, 3.7 mmol, 95%), as a mixture of E and Z isomers, which was 
used without further purification. mp 127-128°C (lit.: 130°C); 1H NMR (400 MHz, 
CDCl3) δ 6.39 (b, 2H), 6.46 (b, 2H), 7.32-7.58 (m, 9H), 7.69 (d, J = 6.2 Hz, 2H), 7.82 (d, 
J = 5.1 Hz, 2H), 8.00 (s, 1H); 13C NMR (100 MHz, DMSO-d6) δ 119.5 (d), 119.9 (d), 
120.4 (s), 120.5 (d), 120.6 (s), 121.7 (d), 121.8 (d), 122.0 (d), 124.8 (d), 127.0 (d), 127.3 
(d), 127.8 (d), 127.9 (d), 128.3 (d), 129.2 (s), 129.3 (d), 130.6 (d), 130.8 (s), 135.6 (s), 
135.7 (s), 136.6 (s), 136.8 (s), 137.9 (s), 138.0 (s), 138.1 (s), 140.3 (s); m/z (EI+, %) = 274, 
272 (M+, 100), 165 (40); HRMS (EI+): calcd for C13H9N2Br 271.9949, found 271.9951; 
Anal. calcd for C13H9N2Br: C, 57.17; H, 3.32; N, 10.26, found: C, 57.15; H, 3.30; N, 
10.23. 
 
2-Bromo-9-diazo-9H-fluorene (7) 
To a stirred solution of 13 (0.20 g, 0.73 mmol) in THF (10 mL), MnO2 (activated, 
0.35 g, 4.0 mmol) was added, after which the mixture turned red. Stirring was 
continued for 5 min, and the mixture was filtered over a plug of Celite. Removal of 
the solvent under reduced pressure yielded a pink solid (0.19 g, 0.70 mmol, 96%) 
which was used without further purification. mp: decomp. >145°C; 1H NMR (400 
MHz, CDCl3) δ 7.29 (t, J = 7.5 Hz, 1H), 7.35-7.39 (m, 2H), 7.42 (d, J = 7.3 Hz, 1H), 
7.53 (s, 1H), 7.70 (d, J = 8.4, 1H), 7.85 (d, J = 7.7 Hz, 1H); 13C NMR (100 MHz, 
CDCl3) δ 119.2 (d), 120.0 (s), 120.9 (d), 121.9 (2xd), 124.7 (d), 126.6 (d), 127.5 (d), 
130.1 (s), 130.4 (s), 132.6 (s), 134.6 (s), 176.6 (s); m/z (EI+, %) = 272, 270 (M+, 22), 163 
(100); HRMS (EI+): calcd for C13H7N2Br 271.9772, found 271.9768; Anal. calcd for 
C13H7N2Br: C, 57.59; H, 2.60; N, 10.33, found: C, 57.30; H, 2.56; N, 10.11.  
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2-Methyl-2,3-dihydro-1H-cyclopenta[a]naphthalene-1-thione (6) 
A solution of 2-methyl-2,3-dihydrocyclopenta[a]naphthalen-1-one  8 (3.50 g, 17.9 
mmol) and Lawesson’s reagent (8.0 g, 19.6 mmol) in benzene (150 mL) was heated 
to reflux for 3 h, during which the mixture turned dark green. After cooling to 
room temperature, the solvent was removed under reduced pressure. The product 
was obtained after column chromatography (SiO2, pentane:CH2Cl2 = 1:1, Rf = 0.77) 
as a dark green oil (2.10 g, 9.80 mmol, 55%). 1H NMR (400 MHz, CDCl3) δ 1.48 (d, J 
= 7.3 Hz, 3H), 2.87 (dd, J = 18.2, 2.4 Hz, 1H), 3.08-3.16 (m, 1H), 3.47 (dd, J = 18.0, 6.6 
Hz, 1H),  7.49 (d, J = 8.1 Hz, 1H), 7.53 (t, J = 7.5 Hz, 1H), 7.70 (t, J = 7.7 Hz, 1H), 7.87 
(d, J = 7.5 Hz, 1H), 8.01 (d, J = 8.1 Hz, 1H), 10.08 (d, J = 8.8 Hz, 1H); 13C NMR (50 
MHz, CDCl3) δ 21.7 (q), 39.8 (t), 55.5 (d), 123.7 (d), 124.2 (d), 126.6 (d), 128.6 (d), 
130.1 (s), 130.2 (d), 133.2 (s), 136.5 (d), 138.7 (s), 158.5 (s), 249.7 (s); m/z (EI+, %) = 212 
(M+, 21), 181 (100); HRMS (EI+): calcd for C14H12S 212.0660, found 212.0851. 
 
(E)/(Z)-9-(2-Methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-2-
bromo-9H-fluorene (5) 
A solution of 7 (200 mg, 0.740 mmol) and 6 (314 mg, 1.48 mmol) in benzene (50 mL) 
was refluxed for 1 h. After cooling to room temperature, the solvent was removed 
under reduced pressure. The product was obtained, as a mixture of E- and Z- 
isomers, after column chromatography (SiO2, n-pentane:CH2Cl2 = 4:1, Rf = 0.56) as 
a yellow solid (125 mg, 0.296 mmol, 40%). 1H NMR (400 MHz, CDCl3) δ 1.38 (d, J = 
7.0 Hz, 6H), 2.76 (dd, J = 15.2, 2.0 Hz, 2H), 3.55 (dd, J = 15.2, 5.7 Hz, 2H), 4.27-4.35 
(m, 2H), 6.72 (d, J = 8.1 Hz, 1H), 6.80 (s, 1H), 6.83 (t, J = 7.7 Hz, 1H), 7.21 (t, J = 7.3 
Hz, 1H), 7.30-7.60 (m, 11H), 7.67-7.74 (m, 4H), 7.80 (d, J = 7.9 Hz, 1H), 7.91-7.99 (m, 
5H), 8.10 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 19.2 (q), 19.3 (q), 41.8 (t), 42.0 (t), 
45.2 (d), 45.4 (d), 118.9 (d), 119.7 (d+s), 120.0 (d), 120.6 (s), 120.8 (d), 123.8 (d), 123.9 
(d), 124.0 (d), 125.4 (d), 125.5 (d), 125.7 (d), 126.2 (d), 126.7 (d), 126.8 (d), 127.0 (2xd), 
127.1 (2xd), 127.2 (d), 127.3 (d), 128.7 (d), 128.8 (d), 128.9 (d), 129.0 (s), 129.3 (s), 
129.4 (d), 129.5 (s), 129.6 (d), 129.7 (s), 131.3 (s), 131.5 (d), 132.6 (2xs), 135.6 (s), 135.9 
(s), 136.8 (s), 138.1 (s), 138.5 (s), 138.6 (s), 138.7 (s), 139.0 (s), 139.5 (s), 141.5 (s), 147.7 
(s), 147.8 (s), 152.6 (s), 152.7 (s); m/z (EI+, %) = 424, 422 (M+, 55), 328 (100); HRMS  
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(EI+): calcd for C27H19Br 422.0670, found 422.0684; Anal. calcd for C27H19Br: C, 76.60; 
H, 4.52, found: C, 76.30; H, 4.73. 
 
(E)/(Z)-N-(9-(2-Methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-9H-
fluoren-2-yl)benzamide (2) 
Following the general amidation procedure of Buchwald and coworkers,26 a 
mixture of 5 (105 mg, 0.249 mmol), benzamide (61 mg, 0.50 mmol), 4,5-
bis(diphenylphosphino)-9,9-dimethyl-xanthene (17 mg, 0.030 mmol), Pd2(dba)3 (9 
mg, 0.01 mmol), Cs2CO3 (124 mg, 0.380 mmol) was stirred in 1,4-dioxane (2 mL) at 
100°C overnight. After the mixture was cooled to room temperature, it was diluted 
in CH2Cl2 and filtered over a plug of silica. After concentration under reduced 
pressure, purification and separation of the E- and Z-isomers was performed by 
column chromatography (SiO2, n-pentane:Et2O = 1:1). Cis-2 (Rf = 0.6, 35 mg, 76 
μmol, 31%) was obtained as a yellow solid. mp 144-146°C; 1H NMR (400 MHz, 
CDCl3) δ 1.38 (d, J = 7.0 Hz, 3H), 2.76 (d, J = 15.4 Hz, 1H), 3.55 (dd, J = 15.2, 5.7 Hz, 
1H), 4.31-4.38 (m, 1H), 6.39 (d, J = 1.8 Hz, 1H), 7.02 (s, 1H), 7.33-7.40 (m, 5H), 7.45 (t, 
J = 7.2 Hz, 2H), 7.52 (d, J = 7.9 Hz, 2H), 7.57 (d, J = 8.4 Hz, 1H), 7.72-7.81 (m, 3H), 
7.90-7.96 (m, 3H), 8.03 (d, J = 7.3 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 19.2 (q), 
41.9 (t), 45.1 (d), 117.6 (d), 119.2 (d), 119.4 (d), 119.5 (d), 124.0 (d), 124.1 (d), 125.1 
(d), 126.5 (d), 126.6 (d), 126.8 (2xd), 127.1 (d), 127.6 (d), 128.6 (2xd), 128.8 (d), 129.5 
(s), 130.0 (s), 131.1 (d), 131.5 (d), 132.6 (s), 135.0 (s), 136.0 (2xs), 136.2 (s), 137.5 (s), 
139.8 (2xs), 147.7 (s), 151.4 (s), 165.1 (s). Separation of the enantiomers was achieved 
b y  C S P - H P L C  ( C h i r a l p a k  A D ,  n-heptane:2-propanol = 95:5, flow rate = 1.0 
mL/min, retention times: 25.3 min for (2’S)-(M)-cis-2 and 28.4 min for (2’R)-(P)-cis-
2. Trans-2 (Rf = 0.5, 53 mg, 115 μmol, 46%) was obtained as a yellow solid. mp 162-
165°C; 1H NMR (400 MHz, CDCl3) δ 1.44 (d, J = 6.6 Hz, 3H), 2.74 (d, J = 15.0 Hz, 
1H), 3.55 (dd, J = 15.0, 5.5 Hz, 1H), 4.38-4.41 (m, 1H), 6.70 (d, J = 7.7 Hz, 1H), 6.77 (t, 
J = 7.6 Hz, 1H), 7.19 (t, J = 7.3 Hz, 1H), 7.29-7.36 (m, 2H), 7.42-7.56 (m, 5H), 7.68 (d, J 
= 7.3 Hz, 1H), 7.75 (d, J = 8.1 Hz, 1H), 7.77 (d, J = 8.1 Hz, 1H), 7.89-7.95 (m, 4H), 8.07 
(s, 1H), 8.70 (b, 1H); 13C NMR (100 MHz, CDCl3) δ: 19.4 (q), 42.1 (t), 45.7 (d), 116.4 
(d), 118.6 (d), 118.7 (d), 119.8 (d), 124.0 (d), 125.3 (d), 125.6 (d), 125.7 (d), 126.6 (d), 
126.9 (d), 127.0 (2xd), 127.5 (d), 128.6 (d), 128.8 (2xd), 129.8 (s), 130.2 (s), 131.0 (d), 
131.7 (d), 132.6 (s), 135.2 (s), 136.3 (s), 136.6 (s), 137.0 (s), 137.3 (s), 139.1 (s), 140.7 (s), 
147.8 (s), 152.1 (s), 165.9 (s); m/z (EI+, %) = 463 (M+, 100), 448 (58); HRMS (EI+): calcd 
for C34H25NO  463.1936, found 463.1916. Separation of the enantiomers was  
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achieved by CSP-HPLC (Chiralpak AD, n-heptane:2-propanol = 95:5, flow rate = 
1.0 mL/min, retention times: 31.6 min for (2’S)-(M)-trans-2 and 38.4 min for (2’R)-
(P)-trans-2. 
 
Anionic polymerization of n-hexyl isocyanate 
n-Hexyl isocyanate was dried over CaH2 and vacuum distilled before use, THF 
was distilled under N2 after refluxing with sodium for 5 h. The polymerizations 
were carried out in a flame-dried Schlenck tube under N2-atmosphere.  
 
(2’S)-(M)-Trans-3-PHIC 
At room temperature, sodium bis(trimethylsilyl)amide (25 μL of a 1.0 M solution in 
THF, 25 μmol) was added to a solution of (2’S)-(M)-trans-2 (12 mg, 26 μmol) in 
THF (4 mL). After cooling the red-colored solution to -90°C, n-hexyl isocyanate 
(0.37 mL, 0.32 g, 2.5 mmol) was added, upon which the mixture slowly turned 
more viscous. After 45 min acetyl chloride (18 μL, 20 mg, 0.25 mmol) and pyridine 
(20 μL, 20 mg, 0.25 mmol) were added to the mixture, which was then allowed to 
warm to room temperature. The mixture was then poured in MeOH (100 mL) and 
the precipitated poly(n-hexyl isocyanate) was filtered off, washed three times with 
MeOH and dried in vacuo, which yielded a yellow solid (0.22 g, 69%). 1H NMR (400 
MHz, CDCl3)  δ 0.85 (b, 3H), 1.25 (b, 6H), 1.6 (b, 2H), 3.7 (b, 2H), 6.6-8.0 (low 
intensity signals: aromatic protons motor); 13C NMR (100 MHz, CDCl3) δ 14.0 (q), 
22.6 (t), 26.2 (t), 28.4 (t), 31.5 (t), 48.5 (t), 156.8 (s). 
 
(2’S)-(M)-Cis-3-PHIC 
At room temperature, sodium bis(trimethylsilyl)amide (28 μL of a 1.0 M solution in 
THF, 28 μmol,) was added to a solution of (2’S)-(M)-cis-2 (13 mg, 28 μmol) in THF  
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(4 mL). After cooling the red-colored solution to -90°C, n-hexyl isocyanate (0.41 
mL, 0.36 g,  2.8 mmol) was added, upon which the mixture slowly turned more 
viscous. After 45 min acetyl chloride (20 μL, 22 mg, 0.28 mmol) and pyridine (23 
μL, 22 mg, 0.28 mmol) were added to the mixture, which was then allowed to 
warm to room temperature. The mixture was then poured in MeOH (100 mL) and 
the precipitated poly(n-hexyl isocyanate) was filtered off, washed three times with 
MeOH and dried in vacuo, which yielded a yellow solid (0.28 g, 79%). 1H NMR (400 
MHz, CDCl3)  δ 0.85 (b, 3H), 1.25 (b, 6H), 1.6 (b, 2H), 3.7 (b, 2H), 6.6-8.0 (low 
intensity signals: aromatic protons motor); 13C NMR (100 MHz, CDCl3) δ 14.0 (q), 
22.6 (t), 26.2 (t), 28.4 (t), 31.5 (t), 48.5 (t), 156.8 (s). 
 
(S,E)-N-Acetyl-N-(9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-
ylidene)-9H-fluoren-2-yl)benzamide, (2’S)-(M)-trans-4 
At room temperature, sodium bis(trimethylsilyl)amide (22 μL of a 1.0 M solution in 
THF, 22 μmol) was added to a solution of (2’S)-(M)-trans-2 (10 mg, 22 μmol) in 
THF (4 mL). After 5 min acetyl chloride (1.6 μL, 1.7 mg, 22 μmol) was added to the 
mixture, which was stirred another 5 min and allowed to warm to room 
temperature. The solution was quenched with a saturated aqueous NaHCO3-
s o l u t i o n  ( 5 0  m L ) ,  f o l l o w e d  b y  e x t r a c t i o n  w i t h  d i e t h y l  e t h e r  ( 3  ×  7 5  m L ) .  T h e  
organic phase was washed with brine, dried (Na2SO4) and the solvent was 
removed under reduced pressure. The product was obtained after preparative TLC 
(SiO2, n-pentane:Et2O = 2:1, Rf = 0.5) as a yellow solid (4.5 mg, 8.9 µmol, 39%). 1H 
NMR (400 MHz, CDCl3) δ 1.27 (d, J = 6.6 Hz, 3H), 2.52 (s, 3H), 2.72 (d, J = 15.4 Hz, 
1H), 3.50 (dd, J = 15.2, 6.0 Hz, 1H), 4.03-4.06 (m, 1H), 6.65 (d, J = 8.1 Hz, 1H), 6.78 (t, 
J = 8.2 Hz, 1H), 7.16-7.21 (m, 2H), 7.30 (t, J = 8.2 Hz, 3H), 7.37 (d, J = 7.3 Hz, 1H), 
7.44 (t, J = 7.5 Hz, 1H), 7.54 (d, J = 8.1 Hz, 1H), 7.62-7.69 (m, 5H), 7.78 (d, J = 8.1 Hz, 
1H), 7.89-7.92 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 25.8 (q), 30.3 (q), 41.8 (t), 45.3 
(d), 119.2 (d), 120.1 (d), 124.0 (d), 124.3 (d), 125.4 (d), 125.8 (d), 126.4 (d), 126.7 (d), 
126.8 (d), 127.0 (d), 127.4 (d), 128.4 (2xd), 128.7 (d), 129.2 (2xd), 129.5 (s), 129.7 (s), 
131.3 (d), 132.1 (d), 132.6 (s), 134.9 (s), 135.9 (s), 137.4 (s), 137.6 (s), 138.4 (s), 139.1 
(s), 140.6 (s), 147.8 (s), 152.4 (s), 173.0 (s), 173.8 (s); m/z (EI+, %) = 505 (M+, 100), 463 
(50); HRMS (EI+): calcd for C36H27NO2 505.2042, found 505.2055.  
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(S,Z)-N-Acetyl-N-(9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-
ylidene)-9H-fluoren-2-yl)benzamide, (2’S)-(M)-cis-4 
At room temperature, sodium bis(trimethylsilyl)amide (0.13 mL of a 1.0 M solution 
in THF, 0.13 mmol,) was added to a solution of (2’S)-(M)-cis-2 (50 mg, 0.11 mmol) 
in THF (7 mL). After 5 min acetyl chloride (9.0 μL, 10 mg, 0.13 mmol) was added to 
the mixture, which was then allowed to warm to room temperature. The solution 
was quenched with a saturated aqueous solution of NaHCO3 (50 mL), followed by 
extraction with diethyl ether (3 × 75 mL). The organic phase was washed with 
brine, dried (Na2SO4) and the solvent was removed under reduced pressure. The 
product was obtained after preparative TLC (SiO2, n-pentane:Et2O = 2:1, Rf = 0.4) 
as a yellow solid (19 mg, 37 µmol, 34%). 1H NMR (400 MHz, CDCl3) δ 1.38 (d, J = 
6.6 Hz, 3H), 1.96 (s, 3H), 2.74 (d, J = 15.4 Hz, 1H), 3.55 (dd, J = 15.4, 5.5 Hz, 1H), 
4.29-4.32 (m, 1H), 6.51 (s, 1H), 7.08 (d, J = 7.7 Hz, 1H), 7.19-7.27 (m, 6H), 7.35-7.44 
(m, 3H), 7.53 (d, J = 7.7 Hz, 1H), 7.70-7.72 (m, 1H), 7.76 (d, J = 8.1 Hz, 1H), 7.81-7.83 
(m, 2H), 7.87 (d, J = 8.4 Hz, 1H), 7.96 (d, J = 6.2 Hz, 1H); 13C NMR (100 MHz, 
CDCl3) δ 19.4 (q), 24.9 (q), 41.9 (t), 45.4 (d), 119.7 (d), 120.0 (d), 124.1 (2xd), 125.1 (d), 
125.3 (d), 126.7 (d), 127.1 (2xd), 127.5 (2xd), 128.1 (2xd), 128.5 (2xd), 128.7 (d), 129.4 
(s), 129.6 (s), 131.3 (d), 131.8 (d), 132.5 (s), 135.1 (s), 135.7 (s), 137.0 (s), 138.1 (s), 
138.9 (s), 139.6 (s), 140.1 (s), 147.9 (s), 152.9 (s), 172.9 (s), 173.0 (s); m/z (EI+, %) = 505 
(M+, 100), 463 (63); HRMS (EI+): calcd for C36H27NO2 505.2042, found 505.2043. 
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Chapter 7 
Light-Controlled Supramolecular 
Helicity of a Polymeric Liquid 
Crystalline Phase 
 
 
 
 
Control over the preferred helical sense of a poly(n-hexyl isocyanate) using a single 
light-driven molecular motor that is covalently attached at the polymer’s terminus 
has been accomplished in solution via a combination of photochemical and thermal 
isomerizations. In this chapter, it is reported that after redesigning the 
photochromic unit to a thermally bi-stable chiroptical molecular switch, the chiral 
induction to the polymer’s backbone is significantly improved and the handedness 
of the helical polymer is addressable by irradiation with two different wavelengths 
of light. Moreover, the transmission of the chiral information, via the 
macromolecular level of the polyisocyanate, further to the supramolecular level of a 
lyotropic cholesteric liquid crystalline phase consisting of these stiff, rod-like 
polymers, is demonstrated. This allows the magnitude and sign of the 
supramolecular helical pitch of the liquid crystal film to be fully controlled by 
light.
∗ 
 
 
 
 
 
∗ This chapter has been published: D. Pijper, M. G. M. Jongejan, A. Meetsma, B. L. 
Feringa, J. Am. Chem. Soc. 2008, 130, 4541-4552.  
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7.1   Introduction 
Liquid crystals (LCs) are particularly interesting materials with respect to the 
amplification of chiral information, due to their sensitivity to small molecular 
perturbations.1 Controlling the magnitude and sign of the supramolecular chiral 
organization of a cholesteric LC has been shown to be possible in the case of low 
molecular weight LCs. For instance, this has been demonstrated via the addition of 
bi-stable molecular switches as dopants to the LC material, as these switches can 
alter their shape in reaction to external stimuli (for instance light or heat), resulting 
in a change in the interactions between the dopants and the LC host molecules.2 
Aggregation of rigid rod-like polymers, e.g. the polyisocyanates described in the 
previous chapter, in a sufficiently concentrated solution also leads to the formation 
of a LC phase. External control of the helical organization of these polymeric LCs 
has been demonstrated by adjusting the magnitude of the helical pitch using 
photo-switchable units introduced in the polymer’s side chains.3 With the system 
described in Chapter 6, it is possible to control the preferred macromolecular 
helical handedness using a photo-switch attached at the polymer’s terminus.4 It is 
expected that the supramolecular helicity of an LC matrix formed by these 
functionalized polymers is also controllable by the photo-switch attached to the 
polymer. 
The system described in Chapter 6 suffered from a few drawbacks, however. By 
using a light-driven molecular motor as a four-state switch, by control of the exact 
composition of the mixture of isomers and the associated stereo-induction towards 
the polymer chain upon irradiation becomes a highly complex process. After one 
rotary cycle of the motor, a mixture of the different isomers is obtained due to the 
non-perfect PSSs. In the work described in this chapter, therefore first the 
photochromic unit is re-designed, to allow it to operate as a thermally bi-stable 
chiroptical molecular switch. The helical polymer can now be switched between a 
predominant P and M conformation using two different wavelengths of light, in 
principle over an infinite number of cycles. Serendipitously, it was found that 
hereby also the stereoinduction to the polymer’s backbone is significantly 
improved. Moreover, by the hierarchical transmission of chiral information from 
the molecular level of a chiroptical molecular switch, via the macromolecular level 
of a helical polymer, to the supramolecular level of a cholesteric liquid crystalline 
phase, this supramolecular helicity of the LC material can be controlled with the 
photo-switch (Figure 7.1). Via the photo-induced switching of the preferred helical 
twist sense of the helical polymer, the magnitude and sign of the supramolecular 
helical pitch of a lyotropic cholesteric liquid crystalline phase formed by these  
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helical, rod-like polymers can be fully controlled by irradiation with different 
wavelengths of light. 
 
Figure 7.1 Schematic representation of the hierarchical transmission of chiral information 
from the molecular level of a chiroptical switch molecule, via the macromolecular level of a 
polyisocyanate, to the supramolecular level of a cholesteric LC phase. 
7.2   A Benzamide Functionalized Chiroptical Switch 
7.2.1   Molecular Design 
Unidirectional rotation with the molecular motor system attached at the polymer 
chain’s terminus in the previously reported poly(n-hexyl isocyanate) 1-PHIC  is 
achieved in a four step switching cycle by a combination of two photochemically 
induced cis-trans isomerizations, each followed by an essentially irreversible and 
fast thermal isomerization (Scheme 7.1). At room temperature, these thermal 
isomerizations take place on the time-scale of minutes (t1/2 = 3.2 min). This makes 
control of the exact composition of the mixture of isomers and the associated chiral 
induction towards the polymer chain upon irradiation of 1-PHIC a highly complex 
process.  
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Scheme 7.1 Photochemical and thermal isomerizations for previously reported chain-end 
molecular motor functionalized 1-PHIC. 
In order to obtain better control over the stereo-induction towards the helical 
polymer, the photochromic unit attached at the polymer chain’s terminus first was 
redesigned into a photochemically bi-stable chiroptical switch with two thermally 
stable states (3-PHIC in Figure 7.2). By attaching the polymer chain to the upper 
half of the molecule in 3-PHIC (Figure 7.2a) instead of to the lower-half as was the 
case in 1-PHIC, a symmetrical fluorenyl-based lower-half is obtained while 
positioning the polymer well in the fjord region of the switch unit. As the two 
thermally stable isomers in the rotary cycle (Scheme 7.1), as well as the two 
unstable isomers, are now degenerate, this effectively reduces the number of 
possible isomers from four to only two. The molecular motor now operates as a 
chiroptical switch with two states: (2’S)-(P)-3-PHIC, which after a photochemically 
induced cis-trans isomerization of the central double bond is converted to (2’S)-
(M)-3-PHIC, resulting in an inversion of the intrinsic helical shape of the molecule 
from P to M (Figure 7.2). In 3-PHIC, one state induces a preferred M helicity, and 
the other induces a preferred P helicity of the polymer backbone. Moreover, using 
two different wavelengths of light, the two states of the chiroptical switch are fully 
photo-addressable. 
The thermal helix inversion that follows the photochemical isomerization (step 2 
and step 4 in Scheme 7.1), which involves the passage of both the naphthyl moiety 
and the methyl substituent in the upper half of the molecule past the lower half,  
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reverts the molecule to the stable isomer with an intrinsic P helical shape. In order 
to obtain two thermally bi-stable states and create a system that is fully photo-
addressable, this thermal helix inversion step needs to be blocked. Therefore, the 
five-membered ring in the upper-half of the motor molecule connected to the 
central double bond in 1-PHIC was changed to a six-membered ring in 3-PHIC. It 
was reasoned that in 3-PHIC, the naphthyl moiety in the upper-half of the 
molecule is pushed towards the lower-half, hampering the passage of this group 
along the planar and rigid fluorenyl-based lower-part during the thermal helix 
inversion step, resulting in a strongly increased energy barrier for this thermal 
isomerization. The presence of the amide substituent at a position on the 
naphthalene in the upper-half of the molecule where it points towards the lower-
half probably results in an additional raise of this energy barrier. The 
photochemically induced isomer can however be converted back to the original 
isomer (2’S)-(P)-3-PHIC by irradiation with visible (λ >480 nm) light, as at these 
wavelengths only (2’S)-(M)-3-PHIC absorbs (vide infra). 
 
Figure 7.2 a) Benzamide functionalized chiroptical molecular switch 2, chain-end chiroptical 
switch functionalized poly(n-hexyl isocyanate) 3 and N-acylated chiroptical molecular 
switch 4 and b) schematic representation of the reversible inversion of the preferred helical 
twist sense of a polymer backbone by a chiroptical molecular switch present at the terminus. 
(2’S)-(P)-3-PHIC induces a preferred M helical twist of the polymer backbone. UV 
irradiation (λ = 365 nm) yields (2’S)-(M)-3-PHIC, resulting in an induced preferred P helicity 
of the polymer chain. Subsequent irradiation with visible light (λ >480 nm) reverts the 
system to (2’S)-(P)-3-PHIC with a preferred M helicity of the polymer. 
As a result of these changes in design, 3-PHIC can be switched between two states 
that are fully photo-addressable and thermally stable (Figure 7.2b). (2’S)-(P)-3-
PHIC is anticipated to induce a preference for one particular helical twist sense of 
the polymer backbone, as the fluorenyl moiety of the lower half of the molecule 
a) b)  
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resides at one specific side of the polymer chain. In (2’S)-(P)-cis-1-PHIC, in which a 
preferred M helical twist sense of the polymer backbone is induced, the upper half 
of the motor molecule resides on the same side of the polymer chain as the 
fluorenyl-based lower-half of the chiroptical switch in (2’S)-(P)-3-PHIC. Therefore, 
this isomer of the chiroptical switch is also expected to induce a preferred M helical 
twist sense of the polymer’s backbone. In (2’S)-(M)-3-PHIC, the fluorenyl-based 
lower-half is present at the other side of the polymer chain, which therefore should 
induce a preferred P helical twist sense of the polymer backbone. 
7.2.2   Synthesis 
The most important step in the synthetic route towards the envisioned chiroptical 
switch  2,  bearing a benzamide functionality to be used as an initiator of the 
isocyanate polymerization, is the formation of the sterically overcrowded central 
olefinic bond by coupling the two halves of the molecule using a Staudinger type 
diazo-thioketone reaction5 (Scheme 7.2). To avoid problems with the amide 
functionality arising from the harsh conditions involved with the synthesis of the 
upper-half thioketone precursor, the benzamide functionality was introduced in 
the last step of the synthesis via well-precedented palladium-catalyzed amidation 
conditions developed by Buchwald and coworkers.6 
  
Scheme 7.2 Retrosynthesis for 2. 
Synthesis of ketone precursor 13 was feasible in four steps (Scheme 7.3). First, 
following a procedure described by Diederich and coworkers, 2,7-naphthalenediol 
8 was transformed into 7-bromo-naphthalen-2-ol 9 using PPh3-Br2.7 Subsequently, 
alkylation using tosylate 10 in refluxing DMF yielded compound 11, which, by 
oxidation of the terminal primary alcohol, was converted to acid 12. Regioselective 
ring-closure of the acid was achieved in polyphosphoric acid at elevated 
temperatures, yielding ketone 13. 
After the conversion of ketone 13 to the corresponding thioketone 6 by treatment 
with Lawesson’s reagent, the diazo-thioketone coupling using diazofluorenone 7 
provided episulfide 14 in 33% yield over the two steps (Scheme 7.4). Thioketone 6  
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proved to be rather unstable and was used directly after a quick purification by 
flash column chromatography. Desulfurization of 14 by triphenylphosphine 
yielded alkene 5, which was then used in the palladium-catalyzed amidation 
reaction6  to introduce the benzamide functionality. The structure of 2 was 
confirmed by X-ray analysis (vide infra). Enantioresolution of 2 was achieved by 
CSP-HPLC (Chiralpak OD, n-heptane:iso-propanol = 95:5). Assignment of the 
absolute configuration was done by comparison with the CD spectra of related 
compounds.8 
 
Scheme 7.3 Synthesis of upper half ketone precursor 13. 
 
Scheme 7.4 Synthesis of benzamide-functionalized chiroptical switch 2.  
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7.2.3   Photochemical Isomerization Studies 
The photoisomerizations of 2 (Scheme 7.5) were studied using UV/vis, circular 
dichroism (CD) and 1H NMR spectroscopy. Irradiation of a sample of (2’S)-(P)-2 in 
Et2O at 20°C (λ = 365 nm) resulted in the appearance of a distinct absorption band 
around 450 nm in the UV/vis spectrum (Figure 7.3a) and a change in sign of the 
CD absorptions (Figure 7.3b), indicative for the helix inversion of the molecule to 
provide diastereo-isomer (2’S)-(M)-2. Upon irradiation (λ = 365 nm) of a sample of 
a racemic mixture of (2’S*)-(P*)-2  in CD2Cl2 for 3 h at 20°C, new signals 
corresponding to the newly formed isomer (2’S*)-(M*)-2 appeared in the 1H NMR 
spectrum. The signal of the methyl substituent, a doublet at 1.42 ppm for (2’S*)-
(P*)-2, shifted downfield to 1.58 ppm for (2’S*)-(M*)-2.  
 
Scheme 7.5 Photo-isomerizations of benzamide-functionalized chiroptical switch 2. 
 
Figure 7.3 a) UV/vis and b) CD spectra (Et2O, 20°C) of (2’S)-(P)-2 (solid line), the PSS 
mixture with (2’S)-(P)-2 and (2’S)-(M)-2 (dotted line) after irradiation (λ = 365 nm), and the 
PSS mixture of (2’S)-(P)-2 and (2’S)-(M)-2 (dashed line) after irradiation (λ >480 nm). 
Using HPLC analysis, a ratio of (2’S)-(P)-2  to (2’S)-(M)-2 of 9:91 at the 
photostationary state (PSS) of this photoequilibrium was determined. Subsequent 
irradiation of the sample containing the PSS mixture with visible light (λ >480 nm) 
a) b)  
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lead to a near complete reversal of the changes in the UV/vis, CD and 1H NMR 
spectra, as at these wavelengths the extinction coefficient of (2’S)-(M)-2 is much 
higher than that of (2’S)-(P)-2 (Figure 7.3a), leading to the efficient conversion back 
to (2’S)-(P)-2. The experimental PSS ratio of (2’S)-(P)-2  and (2’S)-(M)-2  of this 
photoequilibrium was 89:11, indicating that efficient and selective switching in two 
directions is indeed possible with this system. 
 
Figure 7.4 Pluto drawings of a) (2’S*)-(P*)-2 and b) (2’S*)-(M*)-2. One enantiomer shown for 
both isomers, this structure does not express the absolute stereochemistry of the molecule. 
The geometry of both isomers was unequivocally determined by X-ray analysis of 
the racemates (Figure 7.4). A solution of racemic (2’S*)-(P*)-2 in CH2Cl2 was 
irradiated (λ = 365 nm) for 5 h. Thereafter, via slow evaporation under n-pentane 
atmosphere, crystals suitable for X-ray analysis were obtained, containing both 
(2’S*)-(P*)-2 and (2’S*)-(M*)-2. In the (2’S*)-(P*)-2 isomer, the upper heterocyclic 
ring adopts the twisted boat conformation (Figure 7.4a), which was observed 
before with structurally analogous chiroptical switches and molecular motors.8,9 
The methyl substituent adopts a pseudo-axial orientation, which allows it to point 
away from the lower half of the molecule, in the same direction as the naphthyl 
group does. With the systems previously described,8,9 the twisted boat 
conformation of the six-membered ring in the upper-half is inverted in the isomer 
obtained after the photochemically induced cis-trans isomerization, and with the 
molecular motors this forces the methyl substituent in a pseudo-equatorial 
orientation, in close proximity to the lower half of the molecule and residing on the 
same side of this lower half as the naphthyl moiety. In the case of photochemically 
generated isomer (2’S*)-(M*)-2 (Figure 7.4b), the twisted boat conformation of this 
six-membered ring in the upper-half is not inverted with respect to the 
conformation in (2’S*)-(P*)-2. As a result of this, the methyl substituent retains a 
pseudo-axial orientation, yet it ends up at the other face of the fluorenyl-based 
lower-half with respect to the substituted naphthyl moiety, resulting in the twisted 
structure shown. 
a) b)  
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In order to observe the reversal of the spectral changes, corresponding to the 
conversion of (2’S)-(M)-2  to (2’S)-(P)-2 via the thermal helix inversion process, 
heating to at least 80°C was required. The kinetics and thermodynamic parameters 
of this thermal helix inversion were determined by monitoring the UV signal at 470 
n m  o v e r  t i m e  i n  t h e  d a r k  a t  f i v e  d i f f e r e n t  t e m p e r a t u r e s  r a n g i n g  f r o m  8 0 ° C  t o  
100°C. Using the various rate constants, the Gibbs energy of activation was 
calculated using the Eyring equation (see the Eyring plot in Figure 7.5): Δ‡G° = 
112.9 kJ mol-1 (Δ‡H° = 112.0 kJ mol-1, Δ‡S° = -3.0 J mol-1 K-1). By extrapolation of the 
kinetic data, a half-life of (2’S)-(M)-2 at 20°C of 459 d was determined (k = 1.75·10-8 
s-1), indicating that for the irradiation experiments using the switchable LC film at 
room temperature (vide infra) this thermal step is effectively blocked. 
 
Figure 7.5 Eyring plot for the conversion of (2’S)-(M)-2 to (2’S)-(P)-2 via the thermal helix 
inversion. 
7.3   A Chain-End Chiroptical Switch Functionalized 
Polyisocyanate 
7.3.1   Polymerization 
The polymerization of n-hexyl isocyanate (HIC) was accomplished via a slightly 
altered version of the procedure developed by Lee and coworkers.10 After the 
addition of NaH to a solution of (2’S)-(P)-2 in THF at room temperature, the 
mixture was cooled to -90°C and 100 equivalents of the monomer (HIC) were 
added (Scheme 7.6). After 45 min, acetyl chloride and pyridine were added to end-
cap the polymers. Precipitation of the polymer from MeOH afforded the polymer 
in 71% yield. Analysis by GPC, 1H NMR and UV/vis spectroscopy (via the same 
methods as were described in detail in Chapter 6) showed an average degree of 
polymerization of 200 (Mw = 32650). Acetylation of (2’S)-(P)-2 afforded switch  
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molecule (2’S)-(P)-4 (Scheme 7.6), which was used as a CD reference compound: 
the CD spectra of the different isomers of 4 allowed to discriminate between the 
CD absorptions of the helical polymer and that of the chiroptical switch molecule 
connected to it. 
 
Scheme 7.6 Anionic polymerization of n-hexyl isocyanate using the sodium salt of 
benzamide-functionalized chiroptical switch 2 as the initiator (top), and acetylation of the 
amide yielding chiroptical switch 4 (bottom). 
7.3.2   CD Analysis Photoswitching of Polymer in Solution 
The photoisomerizations of 3-PHIC were followed by CD spectroscopy, using the 
CD spectra of the different isomers of 4 to distinguish between the CD 
contributions of the helical polymer and those of the chiroptical molecular switch 
connected to it (Figure 7.6). The CD spectra of the polymer and the acetylated 
switch completely overlap between 300 and 500 nm. In this wavelength region, 
polyisocyanate does not absorb and the CD signals of the polymer-switch hybrid 
originate solely from the attached switch molecule. Between 210 and 280 nm a 
strong deviation of the CD curve of 3-PHIC from the CD curve of acetylated switch 
4 was observed (Figure 7.6a), and subtraction of the CD spectrum of (2’S)-(P)-4 
from the CD spectrum of (2’S)-(P)-3-PHIC yielded a CD difference spectrum 
typical of PHIC with an excess of the M (left-handed) helical sense of the backbone 
(solid line in Figure 7.6d). Interestingly, a threefold increase in intensity of the 
molar elipticity (Figure 7.6d), compared to that obtained with the previously 
described system 1 (see Figures 9d and 10d in Chapter 6), was found.  
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Figure 7.6 CD spectra (Et2O, 20°C) of a) (2’S)-(P)-3-PHIC (38.3 mg/L) (solid) and (2’S)-(P)-4 
(3.2 µM) (dashed), b) the PSS mixture with (2’S)-(P)-3-PHIC and (2’S)-(M)-3-PHIC (solid) 
and the PSS mixture with (2’S)-(P)-4 and (2’S)-(M)-4 (dashed) after  UV irradiation (λ = 365 
nm), c) the PSS mixture of (2’S)-(M)-3-PHIC and (2’S)-(P)-3-PHIC (solid) and the PSS 
mixture of (2’S)-(M)-4 and (2’S)-(M)-4 (dashed) after irradiation with visible light (λ >480 
nm) and d) molar elipticity of the polymer backbone (CD difference spectra polymer 3 – 
acetylated switch 4) for the stable (2’S)-(P) isomer of the chiroptical switch (solid), after UV 
irradiation (λ = 365 nm) (dotted) and after irradiation with visible light (λ >480 nm) 
(dashed). 
a) 
d)  c) 
b)  
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Apparently, the chiral induction from the chiroptical switch to the polymer chain is 
significantly increased in 3-PHIC compared to 1, which is attributed to a more 
pronounced influence of the molecular helix structure of the switching unit at this 
new position of attachment (in the fjord region) to the photochromic molecule. We 
reason that this effect is also caused by the fact that the 5-membered ring in the 
upper-half of the motor molecule connected to the central double bond in 1 has 
expanded to a 6-membered ring in 3 by introduction of the oxygen atom. Together 
with the naphthyl moiety in the upper-half, the polymer chain is thereby “pushed” 
closer to the fluorenyl-based lower-half of the molecule, leading to the enhanced 
chiral induction. 
Upon irradiation of a sample of (2’S)-(P)-3-PHIC in Et2O at 20°C with UV light (λ = 
365 nm), providing (2’S)-(M)-3-PHIC, the prominent absorption maxima around 
220 nm and 260 nm inverted (Figure 7.6b). Irradiation of a sample of (2’S)-(P)-4 
under the same conditions resulted in an inversion of the CD absorptions in 
accordance with the inversion of the intrinsic chirality of the molecule to provide 
(2’S)-(M)-4. Most obvious is the inversion of the CD difference spectrum (solid vs 
dotted line in Figure 7.6d), indicating that the polymer backbone has switched 
from a predominant M to P helical sense. 
Subsequent irradiation of the sample containing (2’S)-(M)-3-PHIC with visible light 
(λ >480 nm), providing (2’S)-(P)-3-PHIC, resulted again in an inversion of the 
prominent CD signals of the polymer (Figure 7.6c). Irradiation under the same 
conditions of a sample containing (2’S)-(M)-4 resulted also in an inversion of the 
CD absorptions, again in accordance with the inversion of the intrinsic helicity of 
the acetylated switch to provide (2’S)-(P)-4. The inverted CD signals of the 
polymer, again clearest observed from the CD difference spectrum (dashed line in 
Figure 7.6d), indicate that the polymer backbone has switched back to a preferred 
M helical sense. The CD spectrum does not return completely to the spectrum 
obtained before the irradiation experiments, as a PSS mixture still containing a 
small amount of (2’S)-(M)-3-PHIC is obtained. 
7.4   Switching of Supramolecular Helicity in a Polymeric 
Cholesteric LC 
7.4.1   Optical Microscopy Analysis Photoswitching Polymer in the LC Phase 
The effect of the photo-induced inversion of the predominant helicity of the 
polymer, on a lyotropic cholesteric liquid crystalline phase generated by these 
polymers, was subsequently investigated. It is known that polyisocyanates, when 
mixed in sufficiently high concentrations in certain solvents, orient themselves to  
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form a LC phase.11 Also, a nematic-to-cholesteric phase transition of such 
polyisocyanate-based LCs, upon the addition of certain chiral dopant molecules, 
has been demonstrated.12 Therefore, first (2’S)-(P)-2 was added as a chiral dopant 
to an LC of unfunctionalized PHIC (formed by initiation of the polymerization 
with benzanilide, see ref. 10) in toluene, and it was found that this did not induce a 
transition of the LC phase from nematic to cholesteric. Apparently, the 
intermolecular interactions of the switch with the polymers alone are not sufficient 
to induce a nematic-to-cholesteric phase-transition of the LC.  
Subsequently, a 30 wt% solution of (2’S)-(P)-3-PHIC in toluene was placed between 
two flat KBr plates in a liquid IR cell, in which the layer thickness of 200 μm was 
controlled using a Teflon spacer. The LC was allowed to organize and orient for a 
period of 16 h, after which it was analyzed using an optical microscope equipped 
with crossed polarizers.  
 
Figure 7.7 Optical micrographs of a thin film (thickness: 200 µm) of (2’S)-(P)-3-PHIC in 
toluene (30 wt%) a) before irradiation (p = 6.0 µm), b) after 15 min (p = 6.2 µm), c) 45 min, d) 
90 min and e) 150 min of UV irradiation (λ = 365 nm), after which a PSS mixture is obtained 
that consists of a large excess of (2’S)-(M)-3-PHIC over (2’S)-(P)-3-PHIC, and f) after leaving 
the irradiated sample in the dark overnight (p = 4.5 µm) (inset shows an enlarged section 
under 5x higher magnification). Scalebar, 50 µm. The arrows indicate the directions of the 
crossed polarizers.  
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Initially, a polygonal fingerprint texture was observed (Figure 7.7a), which is 
typical for a cholesteric LC phase with an alignment of the cholesteric helix axis 
parallel to the surface. The periodicity of the polygonal texture corresponds to a 
half pitch length, which was used to determine a pitch length of 6.0 μm.13 The 
sample was then followed in time at a fixed location throughout the irradiation 
experiments. UV irradiation (λ = 365 nm) leads to the conversion of (2’S)-(P)-3-
PHIC, a polymer with a preferred M helical twist sense, to (2’S)-(M)-3-PHIC with 
preferred P helicity. This resulted in a clear increase of the distance between the 
lines of the polygonal texture, indicating an elongation of the cholesteric helical 
pitch of the LC. Initially, only a slight increase in the line-distance in the fingerprint 
texture was observed, as after 15 min of irradiation a pitch length of 6.2 μm was 
determined (Figure 7.7b). After 45 min, the distance between the lines had 
increased much further, and the lines slowly started to fade out until almost no 
fingerprint texture was observed anymore (Figure 7.7c). At this point the pitch has 
elongated to such an extent that the cholesteric lines are no longer detectable by 
eye. Upon further UV irradiation the fingerprint texture redeveloped, indicating a 
shortening of the pitch length. Interestingly, during this process, initially circular 
patterns were observed (Figure 7.7d, after 90 min of UV irradiation). These circular 
patterns have been reported in literature and were assigned to defects in 
cholesteric LCs.14 During continual irradiation, the circular patterns slowly merged 
(Figure 7.7e), generating more homogeneous areas of the polygonal fingerprint 
texture. The UV irradiation was stopped after 150 min, as no changes in the 
polygonal fingerprint texture seemed to occur anymore. However, a fully 
homogeneous fingerprint texture, similar to that observed before the irradiation 
experiment, was observed after the sample had been left in the dark overnight 
(Figure 7.7f). At this point a pitch length of 4.5 μm was determined, which is 
shorter than the pitch of 6.0 μm observed before the irradiation experiment (Figure 
7.7f vs Figure 7.7a). 
Subsequent irradiation of the sample with visible light (λ >480 nm), leading to the 
conversion of (2’S)-(M)-3-PHIC, a polymer with a preferred P helical twist sense, to 
(2’S)-(P)-3-PHIC with preferred M helicity, resulted again in an increase in the 
distance between the lines in the polygonal texture, indicating an increase in the 
cholesteric pitch length. For this irradiation experiment, the light-source of the 
microscope (put on maximum intensity) was a used after it had been equipped 
with a 480 nm cut-off filter. Owing to the lower intensity of this light source used 
for the visible light irradiation compared to that used with the UV irradiation, 
longer irradiation times were needed to generate the same changes of the LC phase 
in this experiment. After 5 h of irradiation, an increase to 7.8 μm was determined 
(Figure 7.8a). Continuing irradiation of the phase led to a further elongation of the 
pitch (13 μm after 6 h, see Figure 7.8b), and eventually a disappearance of the 
cholesteric lines (Figure 7.8c). The fingerprint texture reappeared upon further  
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visible light irradiation, and the distance between the lines slowly decreased with 
time, indicating a shortening of the pitch length from approximately 22 μm after 8 
h (Figure 7.8d) to 9.0 μm after 9 h (Figure 7.8e). After 24 h of visible light 
irradiation, the fingerprint texture of the LC phase ceased to change, at which 
point a pitch length of 3.7 μm was reached (Figure 7.8f), again remarkably shorter 
than the 6.0 μm pitch observed before the irradiation experiments. The irradiation 
cycles of the liquid crystalline system and the concomitant changes in the LC phase 
are reversible and can be repeated several times. 
 
Figure 7.8 Optical micrographs of a thin film (thickness: 200 µm) of the PSS mixture 
obtained upon UV irradiation that consists of a large excess of (2’S)-(M)-3-PHIC over (2’S)-
(P)-3-PHIC in toluene (30 wt%), after a) 5 h (p = 7.8 µm), b) 6 h (p = 13 µm), c) 7 h, d) 8 h (p = 
22 µm), e) 10 h (p = 9.0 µm) and f) 24 h of irradiation with visible light (λ >480 nm), after 
which a PSS mixture is obtained that consists of a large excess of (2’S)-(P)-3-PHIC over (2’S)-
(M)-3-PHIC (p = 3.7 µm) (inset shows a selection under 5x higher magnification). Scalebar, 
50 µm. The arrows indicate the directions of the crossed polarizers. 
7.4.2   A Polymeric LC with a Light-Controlled Cholesteric Pitch Length 
Initially the sample contains solely (2’S)-(P)-3-PHIC, a polymer with a preferred M 
helical twist sense, leading to an M helical cholesteric LC phase15 with a tight pitch 
(Figure 7.7a and Figure 7.9a). Upon UV irradiation (λ = 365 nm), (2’S)-(P)-3-PHIC  
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is converted to (2’S)-(M)-3-PHIC with a preferred P helical twist sense, which 
induces a cholesteric LC phase with the opposite helicity (P). This results in the 
observed elongation of the cholesteric pitch length upon UV irradiation (Figure 
7.7b and Figure 7.9b). 
 
Figure 7.9 Schematic representation of the full photocontrol of the magnitude and sign of 
the supramolecular helical pitch of a cholesteric LC phase generated by a polyisocyanate 
with a single chiroptical molecular switch covalently linked to the polymer’s terminus. a) 
Initially, (2’S)-(P)-3-PHIC adopts a M helical cholesteric LC phase with a tight pitch. b) UV 
irradiation (λ = 365 nm) converts the switchable polymer to (2’S)-(M)-3-PHIC, leading to an 
elongation of the cholesteric pitch of the LC. c) Equal amounts of (2’S)-(P)-3-PHIC and (2’S)-
(M)-3-PHIC are present in the mixture, resulting in an infinite pitch of the cholesteric LC, 
which appears as an optically nematic phase. d) After prolonged UV irradiation, (2’S)-(M)-3-
PHIC is present in excess, resulting in the LC matrix returning to cholesteric with inverted 
helicity (P). e) A PSS is reached, predominantly consisting of (2’S)-(M)-3-PHIC, resulting in a 
P helical cholesteric LC phase with a tight pitch. Irradiation with visible light (λ >480 nm) 
leads to a reversal of the process (e→a).  
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At a certain point, equal amounts of M and P helical polymer are present in the LC 
film, effectively cancelling each other’s helical induction towards the cholesteric 
LC. This results in a near-infinite pitch length, leading to a sample that appears to 
be nematic, explaining the observed disappearance of the cholesteric lines (Figure 
7.7c and Figure 7.9c). Further irradiation leads to an excess (2’S)-(M)-3-PHIC over 
(2’S)-(P)-3-PHIC, resulting in a shortening of the pitch length of the now P helical 
cholesteric phase, which is observed as the reappearance of the fingerprint texture 
(Figure 7.7d-e and Figure 7.9d). Continuous UV irradiation gradually increases the 
(2’S)-(M)-3-PHIC to (2’S)-(P)-3-PHIC ratio, explaining the observed shortening of 
the periodicity of the cholesteric corrugation, until the PSS is reached (Figure 7.7f 
and Figure 7.9e). Subsequent irradiation with visible light (λ >480 nm) leads to the 
conversion of (2’S)-(M)-3-PHIC back to (2’S)-(P)-3-PHIC. This results in the 
reversal of the changes of the cholesteric LC phase, leading to a repetition of the 
observations that were described before (Figure 7.8 and Figure 7.9e→a). 
7.5   Discussion and Conclusions 
The thermal reorganization observed for the UV irradiated sample after it had been 
stored in the dark overnight (Figure 7.7e vs Figure 7.7f) implies that the 
reorganization of the LC is slow compared to the photoisomerization of the 
chiroptical switch-polymer hybrid. A similar slow reorganization after 
photoisomerization, over the course of hours, has been reported in the literature in 
the case of a polymeric LC based on a polymer with chiral photo-switchable 
groups introduced in the side-chains.16 As the photoisomerization upon visible 
light irradiation takes place on a much longer time-scale compared to the UV 
irradiation experiment, caused by the fact that a light source of much lower 
intensity was used, this thermal reorganization process was not observed after 
terminating the visible light irradiation. Apparently, in this case the 
photoisomerization and the thermal reorganization of the LC phase take place on 
the same time-scale.  
A puzzling observation is the fact that the pitch length of the cholesteric phase at 
both PSSs (4.5 μm at PSS365, Figure 7.7f, and 3.7 μm at PSS>480, Figure 7.8f) are 
substantially shorter than the pitch length of the non-irradiated sample (6.0 μm, 
Figure 7.7a). A slight reduction of the pitch has also been observed after irradiation 
of an azobenzene functionalized helical polymer, and was attributed to solvent 
evaporation due to heating of the sample under the UV lamp, leading to a change 
in concentration.3b Upon increasing the concentration of (2’R)-(P)-3-PHIC in the 
lyotropic LC phase from 30 wt% to 40 wt%, indeed a decrease in pitch length from 
6.0 μm to 2.9 μm was observed. To verify if this could provide an explanation for 
the observed effect, a sample of (2’R)-(P)-3-PHIC in toluene was submitted to a  
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number of irradiation cycles, in which first 1 h of UV irradiation (λ = 365 nm) was 
applied, resulting in an increase in pitch length of the LC sample to almost 
nematic, after which it was irradiated for 20 h with visible light (λ >480 nm) (Figure 
7.10).  
 
Figure 7.10 Optical micrograph of a thin film (thickness: 200 μm) of a) (2’S)-(P)-3-PHIC in 
toluene (~30 wt%, p = 6.9 μm), b) after a first cycle of 1 h of UV (λ = 365 nm) and 20 h of 
visible light (λ >480 nm) irradiation (p = 4.4 μm), c) after a second (p = 4.1 μm), d) a third (p = 
4.0 μm) and e) a fourth irradiation cycle (p = 4.2 μm). Scalebar, 50 μm. The arrows indicate 
the directions of the crossed polarizers. Insets show enlarged sections under 5x higher 
magnification. 
The initial pitch length of the sample, before irradiation was applied, was 6.9 μm 
(Figure 7.10a). This pitch is somewhat longer than the 6.0 μm observed with the 
previous sample before irradiation, which is assumed to be caused by a slightly 
lower concentration of this particular sample. After the first irradiation cycle, the 
pitch had decreased to a value of 4.4 μm (Figure 7.10b), a similar decrease in pitch 
length over one switch cycle as observed before (6.0 μm to 3.7 μm). Three 
subsequent switch cycles however did not result in a further decrease in pitch 
length: similar pitch values, varying between 4.0 μm and 4.4 μm, were obtained 
(Figure 7.10c-e). It is therefore highly unlikely that the observed decrease in pitch 
length after irradiation is caused by solvent evaporation due to heating of the  
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sample under the irradiation conditions applied, as a gradual further decrease in 
pitch length over subsequent irradiation cycles would be expected. We propose 
that the observed tightening of the pitch is actually the result of the photo-induced 
switching of the polymer’s helicity causing an overall improvement in the packing 
of the polymers in the helical organization of the LC phase. 
In this chapter, it has been shown that the preferred helical twist sense of a 
polyisocyanate can be controlled by a single photochemically bi-stable chiroptical 
molecular switch, of which the two thermally stable states are fully addressable 
with light, which is covalently attached to the polymer’s terminus. The hierarchical 
transmission of chiral information from the molecular level of the chiroptical 
switch, via the macromolecular level of the helical polymer to the supramolecular 
level of a cholesteric liquid crystalline phase formed by these helically switchable 
polymers, allows for the full control of the magnitude and sign of the 
supramolecular helical pitch of this LC phase using two different wavelengths of 
light. 
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7.7   Experimental Section 
General remarks 
For general remarks, see Section 2.6 and 6.5. UV and visible light irradiation 
experiments on spectroscopic samples, and UV irradiation experiments on LC 
samples, were performed with a Spectroline ENB-280C/FE UV lamp at 365 nm 
and a 200 W Oriel Xe-lamp adapted with a 480 nm cut-off filter. 
Preparation and study of the liquid crystalline phase 
T h e  L C  s a m p l e s  w e r e  p r e p a r e d  b y  m i x i n g  1 5  m g  ( 2 ’ S)-(P)-3-PHIC and 35 mg 
freshly distilled toluene. The LC films with a controlled 200 μm thickness were 
prepared by placing a drop of this sample between two KBr plates of a liquid IR 
cell (demountable liquid IR cell as sold by Sigma-Aldrich number Z112003-1KT), 
controlling the distance between the KBr plates using a teflon spacer. The optical 
micrographs of the LC phases were recorded using an Olympus BX 60 microscope, 
equipped with crossed polarizers and a Sony 3CCD DXC 950P digital camera, 
attached to a PC running Matrox Inspector 8.0 imaging software.  
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X-ray crystallographic data of N-(1-(9H-fluoren-9-ylidene)-2-methyl-2,3-dihydro-
1H-benzo[f]chromen-9-yl)benzamide (2) 
formula C34H25NO2   ρ (g·mol-1) 1.321 
fw (g·mol-1) 479.58    T  (K)  100(1) 
crystal 
dimension (mm) 
0.37 x 0.14 x 0.12 
 
μ (cm-1) 0.81 
color, habit  orange, block 
 number  of 
reflections 
2495 
crystal system  orthorhombic 
  number of refined 
parameters 
431 
space group, no.  P212121, 19    Z  4 
a (Å)  9.1089(13)    wR(F2) 0.0997 
b (Å)  13.2614(18)    R(F) 0.0461 
c (Å)  19.958(3)    GooF  1.068 
V (Å3) 2410.9(6)       
 
 
7-Bromonaphthalen-2-ol (9)7 
A procedure slightly modified from the one described in ref. 7 was followed. To a 
vigorously stirred mixture of triphenylphosphine (31.5 g, 120 mmol) in MeCN (50 
mL), Br2 (19 g, 6.2 mL, 120 mmol) was added dropwise at 0°C. The reaction 
mixture was allowed to reach room temperature and 2,7-dihydroxynaphthalene 8 
(16 g, 100 mmol) was added in one portion. The mixture was heated to 70°C for 30 
min, after which the solvent was removed by rotary evaporation. The flask was 
equipped with a gas trap and the black residue was heated to 250°C for 45 min. 
After cooling to room temperature, the mixture was dissolved in 200 mL CH2Cl2 
and filtered over a plug of silica. The pure product was obtained after column 
chromatography (SiO2,  n-pentane:CH2Cl2 = 1:1, Rf =  0 . 2 2 ,  t o  p u r e  C H 2Cl2) as a 
beige powder (18.6 g, 83.4 mmol, 84%). mp 127-129°C; 1H NMR (400 MHz, CDCl3) 
δ 5.15 (b, 1H), 7.01 (d, J = 2.6 Hz, 1H), 7.08 (dd, J = 8.8, 2.6 Hz, 1H), 7.37 (dd, J = 8.8, 
1.8 Hz, 1H), 7.59 (d, J = 8.4 Hz, 1H), 7.68 (d, J = 8.8 Hz, 1H), 7.79 (d, J = 2.2 Hz, 1H); 
13C NMR (100 MHz, CDCl3) δ 108.7 (d), 118.1 (d), 120.8 (s), 127.0 (d), 127.3 (s), 128.3 
(d), 129.4 (d), 129.9 (d), 135.7 (s), 154.0 (s); m/z (EI+, %) = 224, 222 (M+, 100), 115 
(38); HRMS (EI+): calcd for C10H779BrO: 221.9680, found 221.9676; Anal. calcd for 
C10H7BrO: C, 53.84; H, 3.16, found: C, 53.85; H, 3.12.  
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3-Hydroxy-2-methylpropyl-4-methylbenzenesulfonate (10) 
To a solution of 2-methyl-1,3-propanediol (9.0 g, 8.9 mL, 0.10 mmol) in CHCl3 (100 
mL), pyridine (15.8 g, 16.0 mL, 200 mmol) and p-toluenesulfonyl chloride (21 g, 
0.11 mol) were added at 0°C. The stirred solution was allowed to reach room 
temperature overnight. After addition of water (200 mL), the mixture was 
extracted with ethyl acetate (3 x 200 mL). The organic extracts were washed with 
aqueous solutions of HCl (2M, 100 mL), saturated NaHCO3 (100 mL), brine and 
dried (Na2SO4). Evaporation of the solvent yielded a slightly yellow oil. The pure 
product was obtained after column chromatography (SiO2, gradient n-
pentane:EtOAc = 2:1, Rf = 0.17, to pure EtOAc), yielding a colorless oil (7.42 g, 31 
mmol, 31%). 1H NMR (400 MHz, CDCl3) δ 0.86 (d, J = 7.0 Hz, 3H), 1.95 (m, 1H), 
2.39 (s, 3H), 2.68 (b, 1H), 3.43-3.53 (m, 2H), 3.96 (d, J = 5.8 Hz, 2H), 7.30 (d, J = 8.4 
Hz, 2H), 7.73 (d, J = 6.6 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 13.0 (q), 21.5 (q), 35.4 
(d), 63.5 (t), 71.9 (t), 127.8 (d), 129.8 (d), 132.7 (s), 144.8 (s); m/z (CI+, %) = 262 
(M+NH4+, 100), 108 (2.6). 
 
3-(7-Bromonaphthalen-2-yloxy)-2-methylpropan-1-ol (11) 
To a stirred solution of 9 (12.7 g, 57.2 mmol) in DMF (500 mL), Cs2CO3 (37 g, 114 
mmol) and 10 (18 g, 74 mmol) were added, and the mixture was refluxed for 48 h. 
After cooling to room temperature, the mixture was diluted in ethyl acetate and 
washed with an aqueous solutions of HCl (10%, 3 x 200 mL), saturated NaHCO3 
(200 mL), brine and dried (Na2SO4). After removal of the solvent under reduced 
pressure, the pure product was obtained after column chromatography (SiO2, n-
pentane:Et2O = 2:1, Rf = 0.54) as a white solid (12.4 g, 42 mmol, 74%). mp 77-79°C; 
1H NMR (400 MHz, CDCl3) δ 1.06 (d, J = 7.0 Hz, 3H), 2.10-2.26 (m, 2H), 3.71 (d, J = 
6.9 Hz, 2H), 4.00 (d, J = 6.2 Hz, 2H), 6.99 (d, J = 2.6 Hz, 1H), 7.10 (dd, J = 8.8, 2.6 Hz, 
1H), 7.36 (dd, J = 8.4, 1.8 Hz, 1H), 7.57 (d, J = 8.8 Hz, 1H), 7.65 (d, J = 8.8 Hz, 1H), 
7.82 (d, J = 2.2 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 13.6 (q), 35.6 (d), 65.7 (t), 70.8 
(t), 105.8 (d), 119.2 (d), 120.5 (s), 126.9 (d), 127.3 (s), 128.6 (d), 129.2 (d), 129.3 (d), 
135.7 (s), 157.5 (s); m/z (EI+, %) = 294, 296 (M+, 30), 222, 224 (100); HRMS (EI+): 
calcd for C14H1579BrO2: 294.0255, found 294.0243; Anal. calcd for C14H15BrO2: C, 
56.97; H, 5.12, found: C, 57.15; H, 5.06.  
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3-(7-Bromonaphthalen-2-yloxy)-2-methylpropanoic acid (12) 
To a stirred solution of 11 (8.9 g, 30 mmol) in acetone (250 mL), KMnO4 was added 
(24 g, 0.15 mol), after which stirring was continued overnight. An aqueous 
saturated solution of NaHSO3 was added to destroy the excess of KMnO4, the 
aqueous mixture was acidified by addition of aqueous HCl (10%), and extracted 
with CH2Cl2 (3 x 200 mL). The organic extracts were washed with brine, dried 
(Na2SO4) and the solvent was removed under reduced pressure. The pure product 
was obtained after column chromatography (SiO2, EtOAc, Rf = 0.66) as a white 
solid (5.6 g, 18 mmol, 60%). mp 156-159°C; 1H NMR (400 MHz, DMSO-d6) δ 1.22 (d, 
J = 7.0 Hz, 3H), 2.90 (m, 1H), 4.12 (dd, J = 9.4, 5.4 Hz, 1H), 4.22 (dd, J = 8.2, 7.0 Hz, 
1H), 7.18 (d, J = 9.0, 1H), 7.36 (s, 1H), 7.45 (d, J = 8.4, 1H), 7.80 (d, J = 8.8, 1H), 7.84 
(d, J = 9.2, 1H), 8.07 (s, 1H); 13C NMR (100 MHz, DMSO-d6) δ 13.8 (q), 38.9 (d), 69.5 
(t), 106.2 (d), 119.1 (d), 119.8 (s), 126.5 (d), 127.0 (s), 128.4 (d), 129.4 (d), 129.7 (d), 
135.6 (s), 157.1 (s), 175.1 (s); m/z (EI+, %) = 308, 310 (M+, 48), 222, 224 (100); HRMS 
(EI+): calcd for C14H1379BrO3: 308.0048, found 308.0063; Anal. calcd for C14H13BrO3: 
C, 54.39; H, 4.24, found: C, 54.40; H, 4.26. 
 
9-Bromo-2-methyl-2,3-dihydro-1H-benzo[f]chromen-1-one (13) 
To mechanically stirred polyphosphoric acid (100 mL) at 70°C, 12 (4.0 g, 13 mmol) 
was added. The temperature was raised to 110°C and the mixture was vigorously 
stirred for 3 h. After cooling to 70°C, the reaction mixture was cautiously poured 
on ice (250 g) and the resulting aqueous solution was stirred at room temperature 
overnight. The aqueous mixture was extracted with ethyl acetate (4 x 150 mL), the 
organic extracts were washed with brine and dried (Na2SO4) and the solvent was 
removed under reduced pressure, yielding a brown oil. Further purification could 
be performed by column chromatography (SiO2, n-pentane:EtOAc = 4:1, Rf = 0.8), 
providing a light-brown solid (2.3 g, 8.0 mmol, 62%). mp 87-89°C; 1H NMR (400 
MHz, CDCl3) δ 1.21 (d, J = 7.0 Hz, 3H), 2.87 (m, 1H), 4.19 (dd, J = 9.2, 8.8 Hz, 1H), 
4.54 (dd, J = 11.3, 5.1 Hz, 1H), 7.01 (d, J = 9.1 Hz, 1H), 7.42 (d, J = 8.4 Hz, 1H), 7.49 
(d, J = 8.4 Hz, 1H), 7.75 (d, J = 8.8 Hz, 1H), 9.64 (s, 1H); 13C NMR (50 MHz, CDCl3) δ  
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11.0 (q), 41.0 (d), 72.0 (t), 110.9 (s), 119.0 (d), 124.5 (s), 127.5 (s), 128.0 (d), 128.1 (d), 
129.5 (d), 132.6 (s), 136.7 (d), 163.9 (s), 195.4 (s); m/z (EI+, %) = 290, 292 (M+, 59), 
248, 250 (100); HRMS (EI+): calcd for C14H1179BrO2: 289.9942, found 289.9926; Anal. 
calcd for C14H11BrO2: C, 57.76; H, 3.81, found: C, 57.80; H, 3.77. 
 
(Dispiro[9-bromo-2-methyl-2,3-dihydro-1H-naphto[2,1-b]pyran-1,2’-thiirane-
3’,9’’-(9’’H)-fluorene] (14) 
A solution of 13 (500 mg, 1.70 mmol) and P2S5 (1.2 g, 5.2 mmol) in benzene (20 mL) 
was refluxed for 1 h. After cooling to room temperature, the mixture was directly 
pulled over a plug of silica, eluted with n-pentane:CH2Cl2 = 1:1, to quickly purify 
the rather unstable thioketone 6. The first deep-green colored fraction (thioketone 
6) was collected and directly added to a solution of diazofluorenone 7 (660 mg, 3.4 
mmol) in toluene (75 mL). The solution was refluxed overnight, and after cooling 
to room temperature the solvent was removed under reduced pressure. The pure 
product was obtained after column chromatography (SiO2, pentane:CH2Cl2 = 8:1, 
Rf = 0.3) as a yellow solid (270 mg, 0.57 mmol, 33%). mp 177-179°C; 1H NMR (400 
MHz, CDCl3) δ 1.18 (d, J = 6.6 Hz, 3H), 3.13 (m, 1H), 3.61-3.67 (m, 2H), 6.13 (d, J = 
7.7 Hz, 1H), 6.54 (t, J = 8.1 Hz, 1H), 6.77 (d, J = 8.8 Hz, 1H), 7.08 (t, J = 8.1 Hz, 1H), 
7.32 (t, J = 8.3 Hz, 1H), 7.44 (t, J = 8.2 Hz, 1H), 7.50-7.66 (m, 5H), 7.76 (d, J = 7.3 Hz, 
1H), 9.48 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 19.1 (q), 39.6 (d), 53.4 (s), 56.3 (s), 
72.4 (t), 116.4 (s), 118.7 (d), 119.4 (d), 120.5 (d), 120.8 (s), 123.5 (d), 124.2 (d), 124.8 
(d), 126.0 (d), 126.4 (d), 126.6 (d), 127.6 (d), 127.7 (s), 128.4 (d), 129.5 (d), 130.4 (d), 
135.5 (s), 140.0 (s), 141.9 (s), 142.8 (s), 142.9 (s), 155.9 (s); m/z (EI+, %) = 470, 472 
(M+, 45), 438, 440 (100); HRMS (EI+): calcd for C27H1979BrOS:  470.0340, found 
470.0358. 
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9-Bromo-1-(9H-fluoren-9-ylidene)-2-methyl-2,3-dihydro-1H-benzo[f]chromene 
(5) 
A solution of episulfide 10 (0.30 mg, 0.64 mmol) and triphenylphosphine (0.83 g, 
3.2 mmol) in toluene (20 mL) was heated at reflux overnight. After removal of the 
solvent under reduced pressure the alkene was purified by column 
chromatography (SiO2, n-pentane:CH2Cl2 = 8:1, Rf = 0.41), yielding a yellow solid 
(0.25 g, 0.57 mmol, 89%). mp 176-177°C; 1H NMR (400 MHz, CDCl3) δ 1.41 (d, J = 
7.0 Hz, 3H), 4.20 (m, 1H), 4.37-4.44 (m, 2H), 6.47 (d, J = 8.1 Hz, 1H), 6.74 (t, J = 7.7 
Hz, 1H), 7.12-7.18 (m, 2H), 7.32-7.41 (m, 3H), 7.62 (d, J = 8.8 Hz, 1H), 7.68 (d, J = 7.3 
Hz, 1H), 7.76 (d, J = 8.8 Hz, 1H), 7.81 (d, J = 7.0 Hz, 1H), 7.92-7.94 (m, 2H); 13C NMR 
(100 MHz, CDCl3) δ 15.8 (q), 32.8 (d), 72.5 (t), 113.1 (s), 118.6 (d), 119.1 (d), 120.0 (d), 
121.9 (s), 124.5 (d), 125.0 (d), 126.6 (d), 126.8 (d), 126.9 (d), 127.3 (d), 127.4 (d), 127.5 
(s), 127.6 (d), 129.8 (d), 131.5 (d), 133.0 (s), 133.1 (s), 136.9 (s), 137.4 (s), 138.3 (s), 
139.7 (s), 140.8 (s), 154.2 (s); m/z (EI+, %) = 438, 440 (M+, 100), 423, 425 (14); HRMS 
(EI+): calcd for C27H1979BrO: 438.0619, found 438.0639; Anal. calcd for C27H19BrO: C, 
73.81; H, 4.36, found: C, 73.55; H, 4.28. 
 
N-(1-(9H-fluoren-9-ylidene)-2-methyl-2,3-dihydro-1H-benzo[f]chromen-9-
yl)benzamide (2) 
Following the procedure of Buchwald and coworkers,6 a mixture of 5 (0.14 mg, 0.32 
mmol), benzamide (96 mg, 0.80 mmol), 4,5-bis(diphenylphosphino)-9,9-dimethyl-
xanthene (45 mg, 77 µmol), Pd2(dba)3 (24 mg, 26 µmol) and Cs2CO3 (209 mg, 0.64 
mmol) was stirred in 1,4-dioxane (2 mL) at 100°C overnight. After the mixture was 
cooled to room temperature, it was diluted in CH2Cl2 (20 mL) and filtered over a 
plug of silica. After removal of all volatiles under reduced pressure, the product 
was further purified by column chromatography (SiO2, n-pentane:EtOAc = 4:1, Rf =  
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0.5), yielding a yellow solid (150 mg, 0.31 mmol, 98%). mp 180-182°C; 1H NMR (400 
MHz, CDCl3) δ 1.38 (d, J = 7.3 Hz, 3H), 4.19 (m, 1H), 4.35-4.43 (m, 2H), 6.56 (d, J = 
8.1 Hz, 1H), 6.75 (t, J = 8.1 Hz, 1H), 7.06 (d, J = 8.8 Hz, 1H), 7.13 (t, J = 7.5 Hz, 1H), 
7.27-7.41 (m, 5H), 7.45 (s, 1H), 7.58-7.64 (m, 4H), 7.73-7.82 (m, 3H), 7.89 (d, J = 8.8 
Hz, 1H), 8.20 (d, J = 8.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 15.9 (q), 33.1 (d), 
72.3 (t), 113.1 (s), 113.8 (d), 117.3 (d), 118.0 (d), 119.0 (d), 119.9 (d), 124.5 (d), 125.1 
(d), 126.4 (s), 126.7 (d), 126.9 (d), 127.1 (2xd), 127.2 (d), 127.3 (d), 128.3 (2xd), 129.5 
(d), 131.5 (d), 131.7 (d), 132.3 (s), 132.5 (s), 134.8 (s), 137.6 (s), 137.8 (s), 138.1 (s) , 
138.4 (s) , 139.4 (s) , 140.7 (s) , 154.1 (s) , 165.8 (s); m/z (EI+, %) = 479 (M+, 100), 374 
(10); HRMS (EI+): calcd for C34H25NO2: 479.1885, found 479.1908. Separation of the 
enantiomers was achieved by CSP-HPLC (Chiralpak OD, n-heptane:2-propanol = 
95:5, flow rate = 1.0 mL/min, retention times: 35.8 min for (2’S)-(P)-2 and 40.6 min 
for (2’R)-(M)-2. 
 
(2’S)-(P)-3-PHIC 
Following a modified version of the procedure of Lee and coworkers,10 NaH (1 mg, 
50% in oil, 21 μmol) was washed with pentane in a Schlenck tube under N2, after 
which (2’S)-(P)-2 (9 mg, 19 μmol) dissolved in THF (5 mL) was added. After 
stirring at room temperature for 10 min, the mixture was cooled to -90°C, and n-
hexyl isocyanate (0.56 μL, 0.48 g,  3.8 mmol) was added, upon which the mixture 
slowly turned more viscous. After 45 min, acetyl chloride (18 μL, 20 mg, 0.25 
mmol) and pyridine (20 μL, 20 mg, 0.25 mmol) were added to the mixture, which 
was then allowed to warm to room temperature. The mixture was then poured in 
MeOH (100 mL) and the precipitated poly(n-hexyl isocyanate) was filtered off, 
washed three times with MeOH and dried in vacuo, which yielded a yellow solid 
(340 mg, 71%). 1H NMR (400 MHz, CD2Cl2) δ 0.85 (b, 3H), 1.30 (b, 6H), 1.60 (b, 2H), 
3.70 (b, 2H), 6.50-8.00 (low intensity signals: aromatic protons). 13C NMR (100 
MHz, CDCl3) δ: 14.0 (q), 22.6 (t), 26.2 (t), 28.4 (t), 31.5 (t), 48.5 (t), 156.8 (s). GPC: Mn 
= 25850, Mw = 32650, D = 1.26.  
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(S)-N-(1-(9H-fluoren-9-ylidene)-2-methyl-2,3-dihydro-1H-benzo[f]chromen-9-yl)-
N-acetylbenzamide, (2’S)-(P)-4 
Sodium bis(trimethylsilyl)amide (50 μL of a 1.0 M solution in THF, 50 μmol,) was 
added to a solution of (2’S)-(P)-2 (10 mg, 21 μmol) in THF (4 mL), stirred at -78°C. 
After 5 min acetyl chloride (1.6 μL, 1.7 mg, 22 μmol) was added to the mixture, 
which was stirred another 5 min and allowed to warm to room temperature. The 
solution was quenched with a saturated aqueous NaHCO3-solution (50 mL), which 
was then extracted with ether (3 × 75 mL). The organic phase was washed with 
brine, dried (Na2SO4) and the solvent was removed under reduced pressure. The 
pure product was obtained after preparative TLC (SiO2, n-pentane:EtOAc = 8:1, Rf 
= 0.25), providing a yellow solid (5.3 mg, 11 µmol, 52%). mp 193-195°C; 1H NMR 
(400 MHz, CD2Cl2) δ 1.39 (d, J = 7.0 Hz, 3H), 1.62 (s, 3H), 4.18 (m, 1H), 4.40-4.46 (m, 
2H), 6.51 (d, J = 8.8 Hz, 1H), 6.64 (t, J = 7.5 Hz, 1H), 7.09-7.15 (m, 2H), 7.20-7.25 (m, 
3H), 7.33-7.41 (m, 5H), 7.63-7.67 (m, 2H), 7.82 (d, J = 6.8 Hz, 1H), 7.85-7.89 (m, 2H), 
7.94 (d, J = 7.3 Hz, 1H). 13C NMR (100 MHz, CD2Cl2) δ 15.7 (q), 24.6 (q), 33.3 (d), 
73.0 (t), 114.4 (s), 119.6 (d), 119.7 (d), 120.3 (d), 124.3 (d), 124.9 (d), 125.1 (d), 125.3 
(d), 127.0 (d), 127.4 (d), 127.8 (d), 127.9 (d), 128.5 (2xd), 128.8 (2xd), 129.0 (s), 130.3 
(d), 131.9 (d), 132.1 (d), 132.9 (s), 133.1 (s), 135.7 (s), 137.9 (2xs), 138.5 (s), 138.6 (s) , 
140.2 (s) , 140.8 (s) , 154.7 (s) , 173.0 (s) , 173.4 (s). m/z (EI+, %) = 521 (M+, 100), 416 
(15). HRMS (EI+): calcd for C36H27NO3: 521.1991, found 521.1992. 
7.8   References 
 
1 a) Handbook of Liquid Crystal Research (Eds.: P. J. Collins, J. S. Patel), Oxford University 
Press, Oxford, 1997; b) Chirality in Liquid Crystals, (Eds.: H.-S. Kitzerow, C. Bahr), Springer-
Verlag, New York, 2001; c) R. Eelkema, B. L. Feringa, Org. Biomol. Chem. 2006, 4, 3729-3745. 
2 a) N. P. M. Huck, W. F. Jager, B. de Lange, B. L. Feringa, Science 1996, 273, 1686-1688; b) T. 
Ikeda, A. Kanazawa in Molecular Switches (Ed.: B. L. Feringa), Wiley-VCH, Weinheim, 2001, 
Ch. 12; c) S. Pieraccini, S. Masiero, G. P. Spada, G. Gottarelli, Chem. Commun. 2003, 598-599; 
d) T. Ikeda, J. Mater. Chem. 2003, 13, 2037-2057; e) R. Eelkema, B. L. Feringa, Chem. Asian J. 
2006, 1, 367-369.   
 
 
274 
 
 
 
 
   Chapter7.doc 
Chapter 7 
 
 
3 a) M. Brehmer, J. Lub, P. v. d. Witte, Adv. Mater. 1998, 10, 1438-1441; b) R. Mruk, R. Zentel, 
Macromol. 2002, 35, 185-192; c) V. Shibaev, A. Bobrovsky, N. Boiko, Prog. Polym. Sci. 2003, 28, 
729-836. 
4 D. Pijper, B. L. Feringa, Angew. Chem., Int. Ed. 2007, 46, 3693-3696. 
5 a) D. H. R. Barton, B. J. Willis, J. Chem. Soc., Chem. Commun. 1970, 1225-1226. b) J. Buter, S. 
Wassenaar, R. M. Kellogg, J. Org. Chem. 1972, 37, 4045-4060. 
6 J. J. Yin, S. L. Buchwald, Org. Lett. 2000, 2, 1101-1104. 
7 P. Lustenberger, F. Diederich, Helv. Chim. Acta 2000, 83, 2865-2883. 
8 a) N. Koumura, E. M. Geertsema, A. Meetsma, B. L. Feringa, J. Am. Chem. Soc. 2000, 122, 
12005-12006; b) N. Koumura, E. M. Geertsema, M. B. van Gelder, A. Meetsma, B. L. Feringa, 
J. Am. Chem. Soc. 2002, 124, 5037-5051. 
9 a) W. F. Jager, J. C. de Jong, B. de Lange, N. M. P. Huck, A. Meetsma, B. L. Feringa, Angew. 
Chem., Int. Ed. 1995, 34, 348-350. 
10 J.-H. Ahn, Y.-D. Shin, G. Y. Nath, S.-Y. Park, M. S. Rahman, S. Samal, J.-S. Lee, J. Am. 
Chem. Soc. 2005, 127, 4132-4133. 
11 M. M. Green, N. C. Peterson, T. Sato, A. Teramoto, R. Cook, S. Lifson, Science 1995, 268, 
1860-1866. 
12 M. M. Green, S. Zanella, H. Gu, T. Sato, G. Gottarelli, S. K. Jha, G. P. Spada, A. M. 
Schoevaars, B. L. Feringa, A. Teramoto, J. Am. Chem. Soc. 1998, 120, 9810-9817. 
13 The pitch lengths presented are an average of three measurements per optical micrograph. 
The average deviation is always within 5%.  
14 Y. Bouligand, J. Phys. 1973, 34, 603-614. 
15 For a study on the relation between the helicity of the polyisocyanate and the helicity of 
the cholesteric LC formed by these polymers, see: M. M. Green, N. C. Peterson, T. Sato, A. 
Teramoto, R. Cook, S. Lifson, Science 1995, 268, 1860-1865. 
16 N. Tamaoki, Adv. Mater. 2001, 13, 1135-1147.   
 
275 
 
 
 
 
Samenvatting.doc 
Samenvatting 
 
In het vakgebied van de organische scheikunde, waarin het in dit proefschrift 
beschreven onderzoek plaats vond, staan organische moleculen centraal. Hoewel 
feitelijk niet correct, kan een molecuul voor de leek wellicht het beste versimpeld 
worden omschreven als “het kleinste deeltje waarin een materiaal kan worden 
opgesplitst waarin diens eigenschappen nog volledig besloten liggen”. Moleculen 
zijn opgebouwd uit atomen, welke in een voor elk molecuul specifiek patroon aan 
elkaar zijn gekoppeld via chemische bindingen, en hebben dimensies in de orde 
van grootte van nanometers (een miljardste van een meter). In het geval van 
organische moleculen zijn dit altijd een of meerdere atomen koolstof, vrijwel altijd 
waterstof en vaak zuurstof en stikstof, met daarnaast nog een heel scala aan 
regelmatig terugkerende atomen. Een groot aantal verbindingen uit de natuur is 
organisch, bijvoorbeeld vetten, eiwitten, suikers of DNA, en de naam organische 
verbinding stamt uit de tijd dat ze eerst door levende organismen geproduceerd en 
hier vervolgens uit geïsoleerd moesten worden. Echter, sinds 1828, toen ureum als 
eerste organische molecuul kunstmatig gesynthetiseerd werd, weten we dat deze 
verbindingen ook in het laboratorium gemaakt kunnen worden. Organische 
synthese biedt de mogelijkheid nieuwe verbindingen te ontwerpen en in elkaar te 
zetten en de eigenschappen van deze nieuwe moleculen te bestuderen. Uiteindelijk 
kunnen hier bijvoorbeeld nieuwe medicijnen of materialen met bepaalde functies 
uit ontwikkeld worden. 
Het onderzoek beschreven in dit proefschrift is gericht op de ontwikkeling van 
nieuwe moleculaire systemen gebaseerd op zogenaamde sterisch gehinderde 
alkenen, die bruikbaar zijn als met licht controleerbare schakelaars en door licht 
aangedreven motoren. Twee onderwerpen spelen een belangrijke rol bij dit 
onderzoek, namelijk licht en chiraliteit. Licht wordt in het geval van de moleculaire 
schakelaar gebruikt om een molecuul tussen twee verschillende vormen te 
schakelen. Het uiteindelijke doel waarvoor deze verbindingen zijn ontwikkeld is 
ze te integreren in een materiaal waarvan de eigenschappen vervolgens met licht 
gecontroleerd kunnen worden. In het geval van de moleculaire motoren dient licht 
als energiebron, leidend tot een controleerbare aangedreven draaibeweging rond 
een koolstof−koolstof binding in één bepaalde richting, een unieke eigenschap 
voor een relatief eenvoudige organische verbinding. 
Een ander belangrijk kenmerk van deze lichtgestuurde moleculen is hun chiraliteit, 
iets wat verband houdt met hun ruimtelijke structuur. Een chiraal molecuul kan op 
geen enkele manier omgezet worden in diens spiegelbeeld door het te draaien  
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(Figuur 1), net zoals dit geldt voor chirale voorwerpen die we uit het dagelijks 
leven kennen, bijvoorbeeld een rechter- en linkerhand. Hoewel vele eigenschappen 
van de twee spiegelbeeldvormen van een chiraal molecuul (enantiomeren 
genoemd) gelijk zijn, bijvoorbeeld hun smeltpunt of dichtheid, kunnen er grote 
verschillen zijn in hun interacties met andere chirale moleculen, en daaraan 
gerelateerd hun biologische activiteit. Dit laatste kan enorme implicaties hebben, 
bijvoorbeeld wanneer een chirale verbinding wordt toegepast als medicijn. Waar 
het ene spiegelbeeldisomeer een geneeskrachtige werking heeft, is het andere vaak 
niet werkzaam, of erger, kan het ernstige bijwerkingen veroorzaken. 
 
Figuur 1 De twee enantiomeren van melkzuur (de aanduiding links- en rechtsdraaiend heeft 
te maken met het tegengestelde effect van enantiomeren op de polarisatierichting van 
gepolariseerd licht). 
De sterisch gehinderde alkenen die kunnen fungeren als moleculaire schakelaars 
worden aangeduid als chiroptische schakelaars, aangezien door middel van licht 
tussen de twee chirale vormen kan worden geschakeld, zoals weergegeven voor 1 
in Schema 1. Deze moleculen bestaan uit een afzonderlijke boven- en onderhelft 
die zijn verbonden door een centrale dubbele binding. Normaal gesproken liggen 
de groepen die worden verbonden door zo’n dubbele binding in een plat vlak. 
Echter, doordat de groepen in de boven- en onderhelft van het molecuul in dat 
geval op elkaar gedrukt zouden worden, buigen deze van elkaar weg en hierdoor 
neemt het molecuul een (chirale) helix structuur aan. In Schema 1, bijvoorbeeld, 
buigt de naftaleengroep in de bovenhelft uit het vlak (naar de lezer toe, aangeduid 
met de verdikte bindingen), en de fenylringen in de onderhelft in het vlak (van de 
lezer af, aangeduid met de onderbroken bindingen). Met behulp van licht kan de  
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helixstructuur, en dus de chiraliteit,1 van het molecuul omgeklapt worden van M 
(min) naar P (plus), en vice versa. Wanneer cis-1 met UV-licht met een golflengte 
van 365 nm wordt bestraald vindt een zogenaamde cis→trans isomerisatie over de 
centrale dubbele binding plaats, waardoor de naftaleengroep in de bovenhelft aan 
de andere zijde van de centrale dubbele band terecht komt in trans-1. Vervolgens 
kan door te bestralen met zichtbaar licht van 435 nm via trans→cis isomerisatie het 
molecuul naar diens originele vorm, cis-1, teruggeschakeld worden. 
 
Schema 1 Een chiroptische moleculaire schakelaar, welke met licht tussen twee vormen met 
tegengestelde heliciteit kan worden geschakeld. 
Met deze moleculaire schakelaar vindt bij de cis−trans isomerisaties een 
draaibeweging van de bovenhelft van het molecuul ten opzichte van de onderhelft 
over ± 120° plaats. Na de introductie van een extra methylgroep (Me) in de 
bovenhelft bleek een volledige draaibeweging over 360° in een bepaalde richting te 
kunnen worden voltooid, welke ook nog eens continu herhaald kan worden, 
oftewel dit molecuul functioneert als een moleculaire motor. Een afzonderlijke 
draaibeweging vindt plaats in vier stappen, weergegeven in Schema 2. Net als bij 
motoren die we kennen uit het dagelijks leven, moet er energie in het systeem 
gestopt worden om de beweging op gang te krijgen en te behouden. Bij deze 
moleculaire motor wordt licht gebruikt als energiebron. Tijdens de eerste stap 
wordt door te bestralen met licht een cis→trans isomerisatie bewerkstelligd, net 
zoals hierboven al werd beschreven voor de moleculaire schakelaar. In het geval 
van de motor heeft dit echter een groot effect op de methylgroep. Waar deze in cis-
2 weg kan steken van de onderhelft van het molecuul, wordt het in trans-2 dicht op 
deze onderhelft gedrukt, wat er voor zorgt dat deze vorm minder stabiel is. Door 
het molecuul nu enigszins te verwarmen, passeert de naftaleen groep de onderhelft 
(het komt uit het vlak naar de lezer toe in de ‘instabiele’ cis-vorm, en van de lezer 
af na stap 2 in de ‘stabiele’ cis-vorm). Na deze stap kan de methylgroep weer de 
gunstiger oriëntatie, wegstekend van de onderhelft, aannemen. Op dit punt is een 
 
1 Door de aanwezigheid van de twee extra groepen in de onderhelft (de NO2 en 
NMe2) zijn de twee vormen officieel geen spiegelbeeldvormen, en worden deze 
derhalve pseudo-enantiomeren genoemd.  
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180° draaibeweging tot stand gebracht. Een tweede serie van deze stappen, dus 
een door licht aangedreven cis→trans isomerisatie (stap 3) naar een hoog-
energetisch en ‘instabiele’ trans-vorm gevolgd door een warmte-aangegedreven 
(thermische) isomerisatie (stap 4), brengt het molecuul terug naar diens originele 
trans-isomeer, waarna een volledige 360° draaibeweging van een helft van het 
molecuul ten opzichte van de andere is volbracht. Schema 4 doet wellicht 
vermoeden dat er steeds vier verschillende stappen nodig zijn om een enkele 
draaibeweging te garanderen. Echter, onder continue bestraling van het molecuul 
en bij een voldoende hoge temperatuur om de thermische isomerisatie tot stand te 
brengen, vindt een continu draaiproces plaats. 
 
Schema 2 De vierstaps rotatiecyclus waarmee de bovenhelft van de licht-aangedreven 
moleculaire motoren beschreven in dit proefschrift een volledige draaibeweging t.o.v. de 
onderhelft ondergaat. 
Een scepticus zou zich kunnen afvragen wat er nu zo bijzonder is aan deze 
draaibeweging op moleculaire schaal. Immers, op dit niveau beweegt alles met 
immense snelheden, zo vindt rotatie rond een gemiddelde koolstof−koolstof 
binding bij kamertemperatuur gemiddeld meer dan een miljard maal per seconde 
plaats. Het punt is dat dit proces volstrekt chaotisch en in een willekeurige richting  
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plaatsvindt. In de afgelopen decennia hebben chemici systemen ontwikkeld waarin 
rotatie op moleculaire schaal beïnvloed en gecontroleerd kan worden, zowel qua 
snelheid en later ook wat betreft de draairichting. Op de lange termijn zou deze 
ontwikkeling van mechanische apparaten zoals we die kennen uit het dagelijks 
leven op de schaal van nanometers kunnen leiden tot toepasbare technologie, 
e c h t e r  o p  d i t  m o m e n t  z i j n  d e  s t u d i e s  naar dit soort systemen voornamelijk 
fundamenteel van aard. Een beknopt overzicht van deze ontwikkeling is 
beschreven in Hoofdstuk 1. 
Voor de eerste van deze door licht aangedreven moleculaire motoren bleek de 
energiebarrière voor de thermische stap dusdanig hoog, dat continue rotatie pas 
plaats vond bij verwarming naar ± 60°C. Een logische verbetering van deze 
systemen zou dus zijn om deze barrière te verlagen, waardoor een snelle en 
continue rotatie bij kamertemperatuur mogelijk wordt. Voorafgaand aan dit 
promotieonderzoek was de rotatiesnelheid al enigszins verhoogd door de sterische 
hindering tussen de twee helften van het molecuul via kleine structurele 
veranderingen te verminderen. Een alternatieve methode om een verdere 
verlaging van de thermische energiebarrière, en daarmee een versnelling van de 
rotatiesnelheid, te bewerkstelligen staat beschreven in Hoofdstuk 2. In motor 
molecuul  3 werd een zogenaamd elektronisch ‘push-pull’ substitutiepatroon 
geïntroduceerd, waardoor de rechter resonantiestructuur in Figuur 2a, waarin 
slechts een enkele band de twee helften van het molecuul verbindt, een grote 
bijdrage zou kunnen leveren aan de structuur van 3. Dit zou dan leiden tot een 
vermindering van de sterische interacties tussen de twee helften en een verlaging 
van de thermische energiebarrière (Figuur 2a). Dit eigenlijke doelmolecuul 3 
vertoonde helaas dusdanig verstoord isomerisatiegedrag dat het niet meer 
functioneerde als een moleculaire motor. Echter, het alternatieve systeem 4 (Figuur 
2b) bleek sneller te roteren dan alle tot dan toe ontwikkelde moleculaire motoren. 
 
Figuur 2 a) De twee mogelijke resonantiestructuren van 3, en b) moleculaire motor 4.  
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Voortschrijdend inzicht in de onderzoeksgroep liet zien dat er toch meer winst in 
rotatiesnelheid te behalen viel via verdere sterische aanpassingen aan het 
molecuul. Met name een variant van deze verbindingen waarin de onderhelft 
wordt gevormd door een fluoreengroep bleek hiervoor zeer geschikt. In Hoofdstuk 
3 wordt een systeem beschreven waarin de naftaleengroep in de bovenhelft is 
vervangen door een benzeenring waar vanaf een methoxysubstituent in de richting 
van de onderhelft steekt (6 in Figuur 3). De verminderde sterische interacties 
tussen de twee helften leidt tot een grote verlaging van de thermische 
energiebarrière en een verhoging van de rotatiesnelheid. Daarnaast is verdere 
functionalisering van het systeem mogelijk via de geïntroduceerde 
broomsubstituent, waarmee bijvoorbeeld ook meerdere van deze motoren in één 
molecuul aan elkaar vastgezet kunnen worden. 
 
Figuur 3 De originele, op fluoreen gebaseerde, moleculaire motor 5 en de versnelde versie 6 
waarin de naftaleen is vervangen door een methoxy-gesubstitueerde benzeen en de 
broomsubstituent verder functionalisatie mogelijk maakt. 
Zoals al eerder vermeld, speelt de chiraliteit een grote rol bij deze systemen. Zo 
bepaalt het de draairichting van de moleculaire motoren: de ene enantiomere vorm 
draait in een richting tegenovergesteld aan die van de andere. Voor de meeste 
toepassingen waarvoor deze moleculen tot nu toe zijn gebruikt, is het dan ook 
vereist eerst één van de enantiomere vormen zuiver in handen te krijgen. Hiertoe 
werd tot nu toe altijd een synthese uitgevoerd waaruit een 50:50 (racemisch) 
mengsel van beide vormen werd verkregen, waarna de enantiomeren via 
zogenaamde HPLC over een chirale stationaire fase werden gescheiden. Deze 
techniek is echter zeer tijdrovend, heeft vaak nog tal van andere praktische 
onvolkomenheden, en levert gemiddeld na meerdere dagen slechts enkele 
milligrammen enantiomeerzuiver materiaal op. Dit is erg jammer als uit de 
synthese soms wel honderd maal zoveel materiaal is verkregen, maar bovendien is 
zo’n kleine hoeveelheid vaak ontoereikend om vervolgens te gebruiken in een 
toepassing. Vandaar dat een alternatieve syntheseroute werd uitgezocht, waarin  
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selectief één van de enantiomeren gevormd wordt, zoals beschreven staat in 
Hoofdstuk 4. De belangrijkste verandering in de syntheseroute is een aanpassing 
van de reactie waarin de twee helften van het motor molecuul gekoppeld worden 
(Schema 3), die voorheen altijd leidde tot volledige racemisatie. 
Het vervolg van dit proefschrift spitst zich toe op het gebruik van deze schakelbare 
moleculen, door er de chiraliteit mee te controleren van lange polymeerketens, 
waarin honderden of zelfs duizenden kleine moleculaire onderdelen aan elkaar 
zijn gekoppeld, en zelfs van zogenaamde vloeibaar kristallijne materialen die deze 
polymeren kunnen vormen. Chiraliteit manifesteert zich op deze supramoleculaire 
schaal vaak in helixstructuren, die ook in de natuur veel voorkomen (bijvoorbeeld 
de dubbele helix van DNA en de α-helix als secundaire structuur in eiwitten). 
Vanuit speciaal ontworpen moleculaire onderdelen zijn door chemici vele 
helixvormige supramoleculaire systemen geconstrueerd, zowel via het aggregeren 
van moleculen als in polymeren, waarbij de heliciteit wordt gestuurd door de 
chiraliteit van de individuele moleculen. In Hoofdstuk 5 wordt een overzicht 
gegeven van de verschillende systemen waarin deze versterking, of amplificatie, 
van chiraliteit bereikt wordt. Naast verschillende chirale amplificatie fenomenen 
wordt hier met name aandacht gegeven aan systemen waarvan de heliciteit van 
buitenaf, bijvoorbeeld met behulp van licht, gestuurd kan worden. 
 
Schema 3 Reactieschema voor de koppeling van de twee helften van de moleculaire motor, 
waarbij slechts een van de twee enantiomeren gevormd wordt (ee = enantiomere overmaat). 
In Hoofdstuk 6 wordt gebruik gemaakt van een polyisocyanaat, een polymeer met 
een helix structuur, als versterker van chiraliteit. De helixrichting van dit polymeer 
verandert continu en snel tussen links- en rechtsom, en normaal is er altijd 
evenveel van beide vormen in een mengsel aanwezig, iets wat een dynamisch 
evenwicht wordt genoemd. Het is echter aangetoond dat een subtiele chirale 
invloed een sterke voorkeur van het polymeer voor een bepaalde helixrichting 
teweeg kan brengen. Een polyisocyanaat werd gesynthetiseerd met een 
moleculaire motor bevestigd aan het einde van de keten, waar het een chirale 
omgeving creëert. Deze chiraliteit verandert echter sterk gedurende de vier 
stappen van de rotatiecyclus van de motor. In eerste instantie, in het geval van het  
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stabiele trans-isomeer, bleek er geen chirale inductie plaats te vinden en bestaat het 
polymeer als een mengsel waarin evenveel van beide helixrichtingen aanwezig is 
(Schema 4). Een door licht aangedreven trans→cis isomerisatie levert een cis-
isomeer op, waarin de naftaleen groep in de bovenhelft van het molecuul dicht op 
het polymeer wordt gedrukt. De chirale omgeving die zo wordt gecreëerd zorgt 
ervoor dat het polymeer een voorkeur krijgt voor een bepaalde helixrichting. 
Omdat na volgende stap, de thermisch aangedreven isomerisatie, de 
naftaleengroep terecht komt aan de andere kant van het polymeer, leidt dit tot een 
omkering van de voorkeur in helixrichting van het polymeer. Een tweede serie van 
deze stappen brengt het molecuul terug naar diens originele trans-isomeer, waarna 
de geïnduceerde voorkeur in helixrichting van het polymeer weer verwijderd is. 
Kortom, de helixrichting van een polyisocyanaat bleek controleerbaar middels een 
enkele schakelbare eenheid, een moleculaire motor, bevestigd aan het uiteinde van 
de polymeerketen. 
 
 
Schema 4 a) Molecuulstructuren van de trans- en cis-vorm van de moleculaire motor 
vastgezet aan het uiteinde van een polyisocyanaat (PIC) keten, en b) een schematische 
weergave van de met licht en warmte controleerbare chirale inductie van de motor naar de 
helixvormige polymeerketen. 
In Hoofdstuk 7 wordt de versterking van chiraliteit met eenzelfde systeem nog een 
stap verder gebracht, namelijk tot de schaal van een vloeibaar kristallijn  materiaal  
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(LC: liquid crystal). Polyisocyanaten zijn door hun interne helixstructuur als geheel 
erg star en staafvormig. Wanneer de concentratie van deze polymeren in oplossing 
hoog genoeg is, oriënteren ze zich door de onderlinge interacties in één bepaalde 
richting, wat een LC-fase wordt genoemd. Onder invloed van een chirale inductie 
kan deze oriëntatie van de polymeren helixvormig veranderen door het materiaal 
heen, wat het materiaal als geheel chiraal maakt (Schema 5). Een interessant 
gegeven is dat dit materiaal licht reflecteert van een bepaalde golflengte en dat 
zo’n LC-film dus de gekleurd is. Hierbij bepaalt de ‘spoed’ van de helix, de afstand 
door het materiaal waarover de helix een volledige draaiing van 360° voltooid, de 
golflengte van dit gereflecteerde licht en dus de kleur van de film. Dit chirale type 
LC-materialen wordt daarom gebruikt in vele toepassingen bekend uit het 
dagelijks leven, zoals in beeldschermen (LCD's, Liquid Crystal Displays). 
 
 
Schema 5 a) Molecuulstructuren van de twee vormen van de chiroptische moleculaire 
schakelaar vastgezet aan het uiteinde van een p o l y i s o c y a n a a t  ( P I C )  k e t e n ,  e n  b )  e e n  
schematische weergave van de met licht controleerbare chirale inductie van de schakelaar, 
via de polymeerhelix, naar de LC-fase, waarmee de spoedlengte en helixrichting van dit 
helixvormig georganiseerde materiaal gecontroleerd kunnen worden.  
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Alvorens de schakelbare polyisocyanaat toe te passen in een LC-film, werd eerst de 
structuur van de motoreenheid zodanig aangepast dat de thermische isomerisatie 
stap geblokkeerd werd. Het molecuul opereert hierdoor weer als moleculaire 
schakelaar, welke geschakeld kan worden tussen twee chirale vormen met licht 
van twee verschillende golflengtes. Eén van deze twee isomeren induceert een 
voorkeur voor een P helixrichting van het polymeer, de andere een M. Van een LC-
film gevormd met dit schakelbaar polymeer bleek de helixvormige organisatie 
volledig controleerbaar met behulp van licht (Schema 5). Het omzetten van de 
voorkeurs-helixrichting van de polymeer van P naar M door bestraling met UV-
licht (365 nm) zorgt in eerste instantie voor een verlenging van de spoed van de 
helixvormige organisatie van de LC, tot uiteindelijk de helixrichting omdraait, 
waarna de spoed weer afneemt tot ongeveer de oorspronkelijke lengte. Dit proces 
kan worden teruggedraaid door bestraling met zichtbaar licht (>480 nm). 
Samenvattend, het werk beschreven in dit proefschrift omvat de ontwikkeling van 
een aantal nieuwe systemen gebaseerd op sterisch gehinderde alkenen, waarmee 
zowel rotatie als chiraliteit op moleculaire schaal gecontroleerd kan worden. Het 
spitst zich toe op het verhogen van de rotatiesnelheid bij kamertemperatuur van 
dit type moleculaire motoren door middel van kleine aanpassingen van de 
molecuulstructuur, en het aansturen van chiraliteit op de schaal van polymeren en 
vloeibaar kristallijne materialen, waarbij deze moleculen als chiroptische 
schakelaars worden gebruikt. 
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